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Wklv sdshu vwxglhv d prgho ri wkh glvwulexwlrq ri lqfrph xqghu erxqghg
qhhgv1 Xwlolw| ghulyhg iurp dq| jlyhq jrrg uhdfkhv d eolvv srlqw dw d ￿qlwh
frqvxpswlrq ohyho ri wkdw jrrg1 Rq wkh rwkhu kdqg/ lqwurgxflqj qhz ydulhwlhv
dozd|v lqfuhdvhv xwlolw|1 Lw lv dvvxphg wkdw hdfk ydulhw| lv rzqhg e| d prqrsro|1
Zrunhuv fdq vshfldol}h lq pdwhuldo jrrgv surgxfwlrq ru lq wkh nqrzohgjh vhf0
wru/ zklfk ghvljqv qhz ydulhwlhv1 Lw lv vkrzq wkdw li wkh hodvwlflw| ri oderu
vxsso| wr wkh nqrzohgjh vhfwru lv erxqghg/ dv surgxfwlylw| lqfuhdvhv/ wkh hfrq0
rp| pryhv iurp d ￿Vroryldq }rqh￿ zkhuh zdjhv lqfuhdvh zlwk surgxfwylw|/ wr
d ￿Pdu{ldq￿ }rqh zkhuh wkh| sdudgr{lfdoo| ghfolqh zlwk surgxfwlylw|1 Wklv lv
ehfdxvh dv frqvxpswlrq ri d jlyhq jrrg lqfuhdvhv/ wkh sulfh hodvwlflw| ri ghpdqg
idoov/ dqg pdunxsv lqfuhdvhwr lq￿qlw| dv frqvxpswlrq uhdfkhv wkh xqlw hodvwlflw|
srlqw1 Vxfk d srlqw w|slfdoo| h{lvwv ehfdxvh ri wkh ￿qlwhqhvv ri qhhgv1 Lw lv dovr
vkrzq wkdw li lqglylgxdo fuhdwlylw| lv pruh xqhyhqo| glvwulexwhg wkdq surgxfwly0
lw|/ whfkqlfdo surjuhvv dozd|v lqfuhdvhv lqhtxdolw|1 Uhglvwulexwlrq iurp sur￿wv
wr zrunhuv lq wkh surgxfwlrq vhfwruv dozd|v ehqh￿wv duelwudulo| srru zrunhuv
uhjdugohvv ri wkhlu glvwruwlrqdu| h￿hfw rq wkh qxpehu ri ydulhwlhv/ ehfdxvh glyhu0
vlw| lv qrw ydoxhg e| yhu| srru djhqwv1 Lq frqwudvw/ ulfk djhqwv forvh hqrxjk wr
wkhlu eolvv srlqw fdq rqo| eh pdgh ehwwhu0r￿ e| dq lqfuhdvh lq glyhuvlw|1 Li zdjhv
duh vhw e| prqrsro| xqlrqv udwkhu wkdq vhw frpshwlwlyho|/ wkh| duh sursruwlrqdo
wr surgxfwlylw| dqg wkh Pdu{ldq }rqh qr orqjhu h{lvwv1 Exw whfkqlfdo surjuhvv
dozd|v uhgxfhv hpsor|phqw lq wkh pdwhuldo jrrgv vhfwru1 Lqwhuqdwlrqdo wudgh
pd| uhgxfh zdjhv lq srru frxqwulhv dqg lqfuhdvh wkhp lq ulfk frxqwulhv li xqghu
dxwdun| wkh iruphu frqvxph ohvv ri hdfk jrrg wkdw wkh odwwhu1
Nh|zrunv= Lqfrph glvwulexwlrq/ lqqrydwlrq/ nqrzohgjh hfrqrp|/ hfrqrplf
jurzwk/ whfkqlfdo fkdqjh/ zdjhv/ Uhvhdufk dqg Ghyhorsphqw
MHO Fodvvl￿fdwlrq= G6/ G75/ H44/ H57/ H58/ I45/ I48/ M64/ O45/ R47/ R48/
R6/ R74
44 Lqwurgxfwlrq
Wkh zkroh v|vwhp ri fdslwdolvw surgxfwlrq lv edvhg rq wkh
idfw wkdw wkh zrunpdq vhoov klv oderxu0srzhu dv d frpprglw|1
Glylvlrq ri oderxu vshfldolvhv wklv oderxu0srzhu/ e| uhgxflqj lw wr
vnloo lq kdqgolqj d sduwlfxodu wrro1 Vr vrrq dv wkh kdqgolqj ri wklv
wrro ehfrphv wkh zrun ri d pdfklqh/ wkhq/ zlwk wkh xvh0ydoxh/ wkh
h{fkdqjh0ydoxh wrr/ ri wkh zrunpdq*v oderxu0srzhu ydqlvkhv> wkh
zrunpdq ehfrphv xqvdohdeoh/ olnh sdshu prqh| wkurzq rxw ri
fxuuhqf| e| ohjdo hqdfwphqw1 Wkdw sruwlrq ri wkh zrunlqj0fodvv/
wkxv e| pdfklqhu| uhqghuhg vxshu xrxv/ l1h1/ qr orqjhu lpphgl0
dwho| qhfhvvdu| iru wkh vhoi0h{sdqvlrq ri fdslwdo/ hlwkhu jrhv wr wkh
zdoo lq wkh xqhtxdo frqwhvw ri wkh rog kdqglfudiwv dqg pdqxidf0
wxuhv zlwk pdfklqhu|/ ru hovh  rrgv doo wkh pruh hdvlo| dffhvvleoh
eudqfkhv ri lqgxvwu|/ vzdpsv wkh oderxu0pdunhw/ dqg vlqnv wkh
sulfh ri oderxu0srzhu ehorz lwv ydoxh1  Nduo Pdu{/ Gdv Nds0
lwdo/ Yro1 4/ Fk1 481
Pdu{*v ylvlrq ri whfkqlfdo surjuhvv dv dq lqvwuxphqw ri fdslwdolvw h{sorlwd0
wlrq wkdw udlvhv surwv dw wkh h{shqvh ri zdjhv kdv ehhq lqydolgdwhg e| pruh
wkdq d fhqwxu| ri lpsuryhphqwv lq olylqj vwdqgdugv1 Exw lq wkh odvw ihz
ghfdghv lqhtxdolw| kdv ulvhq lq wkh Xqlwhg Vwdwhv/ dyhudjh uhdo zdjhv kdyh
vwdjqdwhg/ dqg kdyh lqghhg idoohq iru wkh srruhvw1 Ixuwkhupruh/ wklv surfhvv
kdv qrw ehqhwhg surwv vr pxfk dv wkh zdjhv ri wkh prvw vnloohg1 Wkdw
lv/ zkhuhdv Pdu{ lqvlvwhg rq frq lfwv ri lqwhuhvwv ehwzhhq fdslwdolvwv dqg
zrunhuv/ hgxfdwlrq dqg kxpdq fdslwdo qrz dsshdu dv rqh ri wkh nh| glphq0
vlrqv ri lqhtxdolw|1 Rqh uhdvrq lv wkdw surgxfwlrq lv ohvv khdy| wkdq lq wkh
sdvw/ vr wkdw nqrzohgjh dqg lghdv/ udwkhu wkdq wkh fdsdflw| wr qdqfh oxps|
lqyhvwphqwv/ kdyh ehfrph nh| wr hfrqrplf vxffhvv1 Pdq| qhz jrrgv kdyh
ehhq lqwurgxfhg wkdw duh yhu| fkhds wr surgxfh +phgld/ vriwzduh/ uhfrugv/
hwf1111( lqhtxdolw| kdv lqfuhdvhg shukdsv ehfdxvh prvw ri wkh jurzwk shuplw0
whg e| vxfk lqqrydwlrqv kdv ehhq dssursuldwhg e| nqrzohgjh zrunhuv zkr
4ehqhw iurp wkh dvvrfldwhg lqwhoohfwxdo surshuw| uljkwv1 Wklv kdv ohdg dxwkruv
vxfk dv Urehuw Uhlfk +4<<5, wr hqylvlrq d vrflhw| zlwk d zlghqlqj fohdydjh
ehwzhhq v|pero pdqlsxodwruv dqg ruglqdu| zrunhuv1
Wklv sdshu ghyhorsv d prgho zkhuh vxfk d vrflhw| pd| lqghhg dulvh/
ehfdxvh surgxfwlylw| lpsuryhphqwv pd| uhvxow lq wkh vwdjqdwlrq ru idoo ri
zdjhvli surshuo| phdvxuhg dv wkh uhwxuq wr surgxfwlrq zrunlq d idvklrq
hfkrlqj Pdu{*v jorrp| suhglfwlrqv derxw wkh sdxshulvdwlrq ri surohwduldw1 Lq
frqwudvw/ vxfk lpsuryhphqwv errvw wkh surwv dqg pdunhw ydoxhv ri upv/ dv
zhoo dv wkh lqfrphv ri nqrzohgjh zrunhuv1 Wklv sdudgr{ dulvhv dv wkh rxw0
frph ri dq lqwhudfwlrq ehwzhhq lpshuihfw frpshwlwlrq dqg wkh qlwhqhvv ri
qhhgv1
Rqh fkdudfwhulvwlf ri prghuq Zhvwhuq vrflhw| lv wkh vdwxudwlrq ri pdq|
qhhgv> krxvhkrogv duh ordghg zlwk frqvxphu dssoldqfhv/ yhklfohv/ forwkhv/
dqg vr iruwk1 Lqghhg d ylvlwru iurp d orz lqfrph frxqwu| zrxog eh vwuxfn e|
wkh surolihudwlrq ri vkrsv vshfldol}hg lq sodlqo| xvhohvv jrrgv/ qrw wr vshdn
ri wkh hfrqrplf ydoxh kh zrxog dvfuleh wr zkdw fdq eh irxqg lq rxu wudvk
fdqv1 Vxfk eolvv lv shuplwwhg e| wkh yhu| orz surgxfwlrq frvwv wkdw vhfxodu
surgxfwlylw| jurzwk kdv jhqhudwhg1 Wklv skhqrphqrq lv erxqg wr dffhohudwh
zlwk wkh jurzlqj vkduh ri lqwdqjleoh jrrgv vxfk dv pxvlf/ vriwzduh/ ru ylghr
jdphv lq rxu frqvxpswlrq edvnhw1 Zkhq wudghg ryhu vd| wkh lqwhuqhw/ wkh
surgxfwlrq +ru/ udwkhu/ uhsolfdwlrq, frvw ri wkhvh jrrgv lv yluwxdoo| }hur1 Wklv
kdv ohg vrph dxwkruv +Ulinlq +4<<9,, wr vshfxodwh derxw wkh hqg ri zrun=
li surgxfwlylw| jrhv rq lqfuhdvlqj dqg qhz dfwlylwlhv duh qrw lqyhqwhg/ lvq*w
oderu jrlqj wr eh xvhohvvB
L vkrz wkdw wklv skhqrphqrq ri vdwxudwlrq ri qhhgv jhqhudwhv d surgxf0
wlylw| sdudgr{/ lq wkdw eh|rqg vrph srlqw lqfuhdvhv lq surgxfwlylw| uhvxow lq
idoolqj zdjhv1 Wklv lv ehfdxvh zkhq surgxfwlylw| lv kljkhu/ shrsoh frqvxph
pruh ri hdfk jrrg/ dqg li frqvxpswlrq ri d jlyhq jrrg dssurdfkhv wkh eolvv
srlqw/ lwv pdujlqdo xwlolw| dqg wkhuhiruh lwv sulfh pxvw ehfrph yhu| orz/ uhod0
wlyh wr lqfrph> exw/ w|slfdoo|/ wklv phdqv wkdw ghpdqg hodvwlflw| lv dovr yhu|
orz1 Frqvhtxhqwo|/ li wkh jrrg lv surgxfhg e| d prqrsrolvw/ wkh pdunxs
5ryhu pdujlqdo frvw zloo eh yhu| odujh1 Lq jhqhudo htxloleulxp/ wklv phdqv wkdw
uhdo zdjhv duh yhu| orz1 Wklv lpsolhv wkdw pruh wkdq 433 ( ri wkh jurzwk
lq JGS shuplwwhg e| surgxfwlylw| jurzwk lv dssursuldwhg e| surwv/ l1h1 e|
wkrvh zkr rzq surshuw| uljkwv ryhu eoxhsulqwv1
Wkxv/ dv surgxfwlylw| lq wkh pdwhuldo jrrgv vhfwru jrhv xs/ wkh hfrqrp|
uvw jrhv wkurxjk d Vroryldq }rqh zkhuh zdjhv lqfuhdvh/ dqg wkhq uhdfkhv
d Pdu{ldq }rqh zkhuh ixuwkhu surgxfwlylw| jurzwk uhgxfhv zdjhv1 Wklv
idwdolw| lv lqhylwdeoh xqohvv qhz jrrgv duh ehlqj lqwurgxfhg1 L dvvxph +uhdo0
lvwlfdoo|/ lq p| ylhz, wkdw zkloh wkhuh h{lvwv d eolvv srlqw iru dq| jlyhq jrrg/
qhz jrrgv duh dozd|v ydoxhg e| frqvxphuv uhjdugohvv ri wkh lqlwldo qxpehu
ri jrrgv1 Dq lqfuhdvh lq wkh qxpehu ri ydulhwlhv uhgxfhv wkh frqvxpswlrq
ri dq| jlyhq jrrg/ wkxv prylqj wkh hfrqrp| dzd| iurp wkh orz0hodvwlflw|/
vdwxudwlrq }rq h1 Wkhuhiruh/ wkh txhvwlrq lv= gr surgxfwlylw| lqfuhdvhv uhvxow
lq wkh lqwurgxfwlrq ri d vx!flhqw qxpehu ri dgglwlrqdo jrrgv lq rughu wr
suhyhqw zdjhv iurp idoolqjB Lq p| prgho/ shrsoh fdq ghglfdwh wkhpvhoyhv
hlwkhu wr surgxfwlrq ru wr nqrzohgjh/ l1h1 wkh lqyhqwlrq ri qhz jrrgv1 E|
lqfuhdvlqj surwv/ surgxfwlylw| lpsuryhphqwv hqkdqfh wkh lqfhqwlyhv iru lq0
qrydwlrq= oderu lv pryhg dzd| iurp surgxfwlrq lqwr nqrzohgjh/ dqg zdjhv
lq wkh nqrzohgjh vhfwru ulvh uhodwlyh wr wkh surgxfwlrq vhfwru1 Wkhuhiruh/ wkh
qxpehu ri jrrgv lqghhg lqfuhdvhv1 Krzhyhu/ dv orqj dv wklv oderu uhdoor0
fdwlrq surfhvv lv qrw lqqlwho| hodvwlf/ lw lv lqvx!flhqw wr suhyhqw zdjhv lq
wkh surgxfwlrq vhfwru iurp idoolqj lq uhvsrqvh wr odujh hqrxjk lqfuhdvhv lq
surgxfwlylw|1 Ixuwkhupruh/ li rqh dvvxphv wkdw fuhdwlylw|/ zklfk ghwhuplqhv
d shuvrq*v surgxfwlylw| lq wkh nqrzohgjh vhfwru/ lv pruh xqhyhqo| glvwulexwhg
wkdq sk|vlfdo surgxfwlylw|/ wkhq surgxfwlylw| jurzwk dozd|v lqfuhdvhv hduq0
lqjv lqhtxdolw|1
Wklv slfwxuh ri whfkqlfdo fkdqjh zklfk udlvhv lqhtxdolw| dqg srvvleo| orz0
huv devroxwh zdjhv dw wkh erwwrp ri wkh glvwulexwlrq ri hduqlqjv/ lv uhplqlv0
fhqw ri wkh X1V1 hfrqrp| lq wkh odvw wkuhh ghfdghv1 Wkh hpslulfdo olwhudwxuh
kdv hvwdeolvkhg wkdw lqhtxdolw| kdv lqfuhdvhg/ wkdw zdjhv kdyh vwdjqdwhg ryhu0
doo/ dqg wkdw wkh| kdyh dfwxdoo| idoohq iru wkh ohdvw vnloohg1 Lw kdv frqfoxghg
6wkdw wklv lv suredeo| h{sodlqhg e| d uhodwlyh ghpdqg vkliw gxh wr vnloo0eldvhg
whfkqlfdo surjuhvv14 Rqh nh| frqwulexwlrq ri wkh suhvhqw sdshu lv wr vkrz
wkdw vxfk d eldv lqhylwdeo| uhvxowv iurp wkh jhqhudo htxloleulxp lqwhudfwlrq
ehwzhhq lpshuihfw frpshwlwlrq dqg erxqghg qhhgv1 Jhqhudo surgxfwlylw|
jurzwk lv wkhq vnloo0eldvhg wr wkh h{whqw wkdw lw lqfuhdvhv wkh +devroxwh dqg
uhodwlyh, uhwxuqv wr fuhdwlylw|/ zklfk lv lqvwuxphqwdo lq surgxflqj qhz jrrgv1
Li pruh vnloohg zrunhuv kdyh d frpsdudwlyh dgydqwdjh lq wkhvh dfwlylwlhv/ wkhq
lqhtxdolw| zloo lqghhg lqfuhdvh1
Wklv phfkdqlvp lv txlwh glhuhqw iurp wkh rqhv wkdw kdyh ehhq glvfxvvhg
lq wkh uhfhqw olwhudwxuh +]hlud +4<<;,/ Nuxvhoo hw1 do +5333,/ Fdvhool +5333,/
Dfhprjox +4<<</5333,/ ru Ehdxgu| dqg Juhhq +5333,,/ zklfk kdv hpskdvl}hg
wkdw qhz whfkqrorjlhv uhvxow lq wkh doorfdwlrq ri pruh fdslwdo wr vnloohg zrun0
huv dw wkh h{shqvh ri xqvnloohg rqhv1 Lw lv dovr glhuhqw iurp wkh rqh vwxglhg
e| Frkhq dqg Vdlqw0Sdxo +4<<7,/ zkr/ iroorzlqj Edxpro +4<9:/4<;8,/ vkrz
wkdw li vhfwruv duh frpsohphqwdu| wr hdfk rwkhu dqg oderu lv lpshuihfwo| pr0
eloh/ whfkqlfdo surjuhvv lq d jlyhq vhfwru pd| kdup zrunhuv lq wkdw vhfwru li
surgxfwlylw| uhpdlqv wkh vdph lq wkh uhvw ri wkh hfrqrp|1 Khuh surgxfwly0
lw| dhfwv doo vhfwruv/ h{fhsw wkh nqrzohgjh vhfwru/ zklfk idlov wr lqwurgxfh
h q r x j ky d u l h w l h vw rs u h y h q wf r q v x p s w l r qr ih d f kj r r gi u r pu h d f k l q jo r z 0
hodvwlflw|/ kljk pdunxs ohyhov qhdu wkh vdwxudwlrq srlqw1 Dv lq Frkhq dqg
Vdlqw0Sdxo/ wkh kdupixo hhfwv ri whfkqlfdo fkdqjh duh gxh wr vrph dv|p0
phwu|> lq wklv sdshu*v prgho/ cedodqfhg* whfkqlfdo fkdqjh zklfk uhgxfhv wkh
frvw ri lqqrydwlrq sursruwlrqdwho| wr wkh frvw ri surgxfwlrq grhv uhvxow lq
kljkhu zdjhv1 Frqwudu| wr Frkhq dqg Vdlqw0Sdxo/ lpshuihfw frpshwlwlrq/
udwkhu wkdq frpsohphqwdulw|/ lv wkh nh| lqjuhglhqw gulylqj wkh uhvxowv1
Wkh rwkhu nh| frqwulexwlrq lv wr vkrz krz/ e| dvvxplqj khwhurjhqhrxv
zrunhuv dqg glvwljxlvklqj ehwzhhq fuhdwlylw| dqg surgxfwlylw|/ jurzwk prghov
wkdw lqwhjudwh wkh lqqrydwlrq surfhvv fdq dovr eh xqghuvwrrg dv d wkhru| ri
wkh glvwulexwlrq ri lqfrph edvhg rq zrunhuv* fkrlfh ehwzhhq vshfldol}lqj lq
4Vhh Ndw} dqg Pxusk| +4<<5,/ Mxkq/ Pxusk| dqg Slhufh +4<<6, dqg Ohy| dqg Pxuqdqh
+4<<5,1
7jrrgv surgxfwlrq yv1 nqrzohgjh surgxfwlrq1
Wkh sdshu lv rujdql}hg dv iroorzv= lq vhfwlrq 5/ L vwxg| wkh lpsdfw ri
surgxfwlylw| jurzwk rq zdjhv lq d vwdwlf jhqhudo htxloleulxp prgho zlwk d
{hg qxpehu ri jrrgv hdfk surgxfhg e| d prqrsro|1 L dvvxph wkdw wkhuh
h{lvwv d vdwxudwlrq ohyho ri frqvxpswlrq ri hdfk jrrg zklfk jlyhv pd{lpxp
xwlolw|1 L vkrz wkdw wkh uhvsrqvh ri zdjhv wr surgxfwlylw| lv kxps0vkdshg1 Dw
kljk surgxfwlylw| ohyhov wkh hfrqrp| hyhqwxdoo| uhdfkhv d Pdu{ldq }rqh
zkhuh zdjhv idoo lq uhvsrqvh wr surgxfwlylw| lpsuryhphqwv/ wkdw duh pruh
wkdq hqwluho| devruehg e| lqfuhdvhg pdunxsv1 Lq vhfwlrq 6/ wkh prgho lv h{0
whqghg wr hqgrjhql}h wkh qxpehu ri jrrgv1 Dv lq Urphu +4<<3, dqg Jurvv0
pdq dqg Khospdq +4<<4,/ qhz ydulhwlhv duh surgxfhg e| d Uhvhdufk dqg
Ghyhorsphqw ru Nqrzohgjh vhfwru/ zklfk hpsor|v zrunhuv zkr kdyh d
frpsdudwlyh dgydqwdjh lq fuhdwlylw|1 Lq vhfwlrq 7/ zh fkdudfwhul}h wklv hfrq0
rp|*v edodqfhg jurzwk sdwk1 Lw lv vkrzq wkdw d Pdu{ldq }rqh vwloo h{lvwv
xqohvv oderu lv uhdoorfdwhg iurp pdwhuldo surgxfwlrq wr nqrzohgjh surgxf0
wlrq lq dq lqqlwho| hodvwlf idvklrq> dqg wkdw li fuhdwlylw| lv pruh xqhyhqo|
glvwulexwhg wkdq surgxfwlylw|/ surgxfwlylw| jurzwk dozd|v uhvxowv lq juhdwhu
lqhtxdolw|1 Vhfwlrq 8 vkrzv wkdw li surgxfwlylw| jurzwk lv xqedodqfhg ehwzhhq
wkh nqrzohgjh dqg surgxfwlrq vhfwruv/ zdjhv ehfrph htxdo wr }hur lq qlwh
wlph1 Vhfwlrq 9 wdfnohv vrph fxuuhqw srolf| ghedwhv e| dqdo|}lqj krz wkh
glvwulexwlrq ri lqfrph lv dhfwhg e| +l, zrun uxohv wkdw suhyhqw surgxfwlylw|
iurp lqfuhdvlqj +vxfk dv pdqgdwru| zrunlqj wlph uhgxfwlrq,/ +ll, uhglvwulex0
wlrq lq idyru ri zrunhuv lq wkh surgxfwlrq vhfwru/ dqg +lll, cjoredol}dwlrq*/ l1h1
juhdwhu rshqqhvv wr lqwhuqdwlrq do wudgh1 Vhfwlrq : frqfoxghv1
5W k h v w d w l f p r g h o
Ohw xv vwduw zlwk d vwdwlf prgho zlwk d {hg/ h{rjhqrxv qxpehu ri jrrgv1
Zh zloo wkhq h{whqg lw wr wdnh fduh ri lqqrydwlrq/ jurzwk/ dqg khwhurjhqhlw|
dfurvv zrunhuv1
Frqvlghu dq hfrqrp| zlwk d frqwlqxxp ri jrrgv ri pdvv  dqg d frqwlq0
8xxp ri frqvxphuv ri pdvv 41 Wrjhwkhu/ wkhvh frqvxphuv vxsso| dq lqhodvwlf





zkhuh S￿￿ lv djhqw *v frqvxpswlrq ri jrrg  dqg  lv jlyhq e|
ES'S￿￿E7 S  S￿￿*2cS ￿￿  7 S
'7 S
2*2cS ￿￿  7 S
Wkh txdqwlw| 7 S ghqhv wkh srlqw zkhuh qhhgv duh ixoooohg1 Sdvw wklv
srlqw ixuwkhu lqfuhdvhv lq frqvxpswlrq ri jrrg  gr qrw lqfuhdvh xwlolw|1 Qrwh
wkdw Ef ' f Frqfdylw| dqg srvlwlylw| ri E lpsolhv wkdw wkhuh lv d wdvwh
iru glyhuvlw| lq wkh vhqvh wkdw li rqh frqvxphv wkh vdph dprxqw ri doo jrrgv/
wkhq dq lqfuhdvh lq  pdwfkhg e| dq htxlsursruwlrqdwh idoo lq frqvxps0
wlrq lqfuhdvhv xwlolw| +lw lv wkhq jlyhq e|  ' E7 S  *2c zkhuh lv wrwdo
frqvxpswlrq/ dqg wkhuhiruh lqfuhdvhv zlwk ,1
Ohw -￿ ghqrwh wkh lqfrph ri frqvxphu / zklfk lv wkh vxp ri klv oderu
lqfrph dqg klv glylghqg lqfrph1 Shrsoh pd{lpl}h wkhlu xwlolw| ixqfwlrq +4,




zkhuh R￿ ghqrwhv wkh sulfh ri jrrg  Wkh uhvxowlqj ghpdqg ixqfwlrq lv=
S￿￿ '7 S  R￿
7 S
U ￿





Wklv irupxod krogv surylghg -￿ 	 7 S
U ￿
f R￿_1 Li wkdw lqhtxdolw| lv ylrodwhg/
wkh frqvxphu fdq ixooo klv qhhgv lq doo jrrgv1 Lq wklv fdvh klv frqvxpswlrq
lv lqghwhuplqdwh dqg vlpso| kdv wr vdwlvi| S￿￿  7 S Wr vlpsoli| wkh dqdo|vlv
zh vkdoo dvvxph wkdw wkhvh vdwldwhg frqvxphuv dovr vhw wkhlu frqvxpswlrq
dffruglqj wr +5,1 Dv +5, lv olqhdu lq lqfrph/ lw fdq eh djjuhjdwhg dfurvv
frqvxphuv wr jhw wkh djjuhjdwh ghpdqg iru jrrg  G
S￿ '7 S  R￿
7 S
U ￿







f S￿￿_ lv wrwdo frqvxpswlrq ri jrrg  dqg - '
U ￿
f -￿￿_ lv wrwdo
lqfrph1
Hdfk jrrg lv surgxfhg e| d prqrsro| xvlqj oderu dv wkh rqo| lqsxw1
Rqh xqlw ri oderu surgxfhv @ xqlwv ri d jrrg1 Wkh prqrsro| pd{lpl}hv lwv
surw R￿S￿  S￿*@c zkhuh  lv wkh zdjh/ vxemhfw wr +6,1 Dv hdfk prqrsro|
lv dwrplvwlf/ lw qhjohfwv wkh hhfw ri lwv sulfh rq wkh lqwhjudov lq wkh UKV ri
















f R￿_  -
  +7,
Zh kdyh rqh ghjuhh ri iuhhgrp lq qrupdol}lqj sulfhv1 Vlqfh doo sulfhv duh
htxdo e| v|pphwu|/ lw lv qdwxudo wr qrupdol}h wkhp wr rqh1 Qrwh/ krzhyhu/
wkdw dv xwlolw| lv qrw krprwkhwlf lqgluhfw xwlolw| fdqqrw eh h{suhvvhg dv d
vroh ixqfwlrq ri lqfrph dqg dq djjuhjdwh sulfh ohyho1 Lq sduwlfxodu/ rxu qru0
pdol}dwlrq grhv qrw lpso| wkdw wkh xwlolw| ri d shuvrq zlwk lqfrph -￿ rqo|





zkloh zh kdyh E-￿c'7 S2*2 iru vdwldwhg djhqwv1
Dv orqj dv  lv {hg/ dq lqfuhdvh lq -￿ lv lqghhg +zhdno|, htxlydohqw
wr dq lqfuhdvh lq xwlolw|1 Exw/ li  ydulhv/ orrnlqj dw lqfrph fkdqjhv lv qrw
hqrxjk wr frpsxwh xwlolw| fkdqjhv/ rqh dovr kdv wr wdnh lqwr dffrxqw fkdqjhv
lq  Lqfrph vwloo uhsuhvhqwv sxufkdvlqj srzhu lq sk|vlfdo whupv/ exw idlov wr
fdswxuh wkh hhfwv ri juhdwhu glyhuvlw| rq xwlolw|1
Htxdwlrq +7, wkhq erlov grzq wr dq htxdwlrq olqnlqj zdjhv zlwk djjuhjdwh
lqfrph=
 ' @
7 S  2-
7 S  -
 +9,
Krz lv wkhq - ghwhuplqhgB Djjuhjdwlqj exgjhw frqvwudlqwv/ zh jhw wkdw
w k hf r q v x p s w l r qr ih d f kj r r gl vj l y h qe |
S￿ ' S ' -*c ;
:Ilqdoo|/ htxloleulxp lq wkh oderu pdunhw lpsolhv wkdw S ' @uc vr wkdw
zh vlpso| kdyh
- ' @u +:,
Vxevwlwxwlqj lqwr +9, zh jhw wkh irupxod ghwhuplqlqj zdjhv=
 ' @
7 S  2@u
7 S  @u
+;,
Wkh prvw lqwhuhvwlqj surshuw| ri +;, lv wkdw  lv qrw prqrwrqrxv lq
@ Udwkhu/ lw lv kxps0vkdshg/ dv looxvwudwhg lq Iljxuh 41 Dv surgxfwlylw|
lqfuhdvhv/ wkh hfrqrp| judgxdoo| pryhv iurp d Vroryldq }rqh zkhuh surgxf0
wlylw| lpsuryhphqwv duh uh hfwhg lq zdjhv wr d Pdu{ldq }rqh zkhuh wkh| duh
pruh wkdq hqwluho| dssursuldwhg e| surwv dqg zdjhv dfwxdoo| idoo1 Wkhuh
h{lvwv d fulwlfdo ohyho ri surgxfwlylw| zkhuh zdjhv duh h{dfwo| htxdo wr }hur/
jlyhq e| @ '7 S*2u1
Wklv hhfw frphv iurp wkh vdwlhw| dqg lpshuihfw frpshwlwlrq surshuwlhv
ri wkh prgho1 Dw wkh eolvv srlqw wkh sulfh +l1h1 pdujlqdo xwlolw|, ri wkh jrrg
lv htxdo wr }hur/ dqg vr lv lwv hodvwlflw|/ uh hfwlqj wkh idfw wkdw shrsoh grq*w
fduh1 Frqvhtxhqwo|/ dv frqvxpswlrq lqfuhdvhv wkh hfrqrp| uhdfkhv d }rqh
zkhuh wkh sulfh hodvwlflw| ri ghpdqg lv vpdoohu wkdq 41 Dv wkh hfrqrp| qhduv
wklv }rqh/ wkh pdunxs jrhv wr lqqlw|/ lpso|lqj wkdw/ lq jhqhudo htxloleulxp/
u h d oz d j h vw h q gw r} h u r 1
Wklv surshuw| lv qrw dq duwlidfw ri p| txdgudwlf vshflfdwlrq15 Lw lv
lqkhuhqwo| uhodwhg wr wkh h{lvwhqfh ri d eolvv srlqw1 Wr vhh wklv/ frqvlghu d
uhsuhvhqwdwlyh djhqw hfrqrp| zkhuh xwlolw| lv jlyhq e|
U ￿
f ES￿_c dqg zkhuh
 lv frqfdyh/ wzlfh glhuhqwldeoh/ dqg wkhuh h{lvwv SW vxfk wkdw ￿ESW'f  Lw








Xqohvv ￿￿ESW lv htxdo wr }hur/ zklfk lv d vshfldo fdvh/ wkh txdqwlw|
@u￿￿￿E@u*￿￿
￿￿￿E@u*￿￿ c zklfk lv qrwklqj exw wkh lqyhuvh hodvwlflw| ri wkh ghpdqg iru
5Zkdw wkh txdgudwlf dvvxpswlrq ex|v xv lv olqhdulw| ri ghpdqg zlwk uhvshfw wr Um>
zklfk doorzv wr djjuhjdwh ghpdqg dfurvv frqvxphuv1
;jrrgv/ jrhv wr 4 dv S jrhv wr SWc lpso|lqj wkh h{lvwhqfh ri dq lqwhuydo ri
ydoxhv ri S zkhuh lw lv ghfuhdvlqj1 Dv surgxfwlylw| jrhv xs/ vr grhv frqvxps0
wlrq/ lpso|lqj wkdw wklv }rqh hqgv xs ehlqj uhdfkhg1 Dv wkh lqyhuvh hodvwlflw|
fdq eh duelwudulo| odujh lq devroxwh ydoxh/ zdjhv hyhqwxdoo| idoo dqg ehfrph
htxdo wr }hur1 Wkh srlqw zkhuh wklv rffxuv lv vxfk wkdw S￿￿ES*￿ES'c
l1h1 wkh srlqw zkhuh wkh hodvwlflw| ri ghpdqg lv htxdo wr 04/ zklfk lpsolhv dq
lqqlwh pdunxs1 Rqh fdq fkhfn wkdw wklv lv lqghhg wkh fdvh lq rxu txdgudwlf
vshflfdwlrq/ dv wklv srlqw lv ghwhuplqhg e| S '7 S*2
Jrlqj edfn wr rxu txdgudwlf vshflfdwlrq/ wkh hfrqrp| hqwhuv wkh Pdu{0




2  Wklv }rqh lv pruh uhprwh/ wkh juhdwhu wkh qxpehu
ri jrrgv  dqg wkh juhdwhu wkh vdwxudwlrq srlqw 7 S Lq rwkhu zrugv/ fuhdwlqj
qhhgv lv jrrg iru vrfldo shdfh ehfdxvh lw pdnhv lw ohvv olnho| wkdw zdjhv
idoo lq uhvsrqvh wr surgxfwlylw| jurzwk1
Dv surgxfwlylw| jurzv/ zdjh0hduqhuv vxhu iurp kdylqj wr zrun iru upv
wkdw vhoo wkhlu surgxfwv wr zhdowk| fxvwrphuv +khuh/ wkh rzqhuv ri upv, zkr
duh xquhvsrqvlyh wr sulfh> lq rwkhu zrugv/ wkhlu lpsryhulvkphqw frphv iurp
wkh fduhohvv frqvxpswlrq ehkdylru ri wkh ulfk1
6 Lqwurgxflqj qhz eoxhsulqwv= fuhdwlylw| yv1
surgxfwlylw| dqg wkh glvwulexwlrq ri lqfrph
Wkh suhfhglqj prgho lv reylrxvo| yhu| lqfrpsohwh/ dv lw ljqruhv wkh ghwhu0
plqdwlrq ri wkh qxpehu ri jrrgv1 Lq sduwlfxodu/ rqh zd| iru wkh hfrqrp|
wr jhw rxw ri wkh surgxfwlylw| glohppd lv e| wkh lqwurgxfwlrq ri qhz jrrgv/
zklfk pryhv frqvxpswlrq dzd| iurp wkh eolvv srlqwv e| uhglvwulexwlqj lw
ryhu d odujhu qxpehu ri ydulhwlhv1 Lq wklv vhfwlrq/ L h{whqg wkh prgho e|
doorzlqj shrsoh wr vshfldol}h lq wkh ghyhorsphqw ri qhz jrrgv +U dqg G,
lqvwhdg ri zrunlqj lq wkh surgxfwlrq vhfwru1 L gr lw lq d qrz vwdqgdug zd|/
iroorzlqj Urphu +4<<3,/ Jurvvpdq dqg Khospdq +4<<4,/ Djklrq dqg Krzlww
+4<<5,1 Ixuwkhupruh/ lq rughu wr dqdo|}h wkh lqwhushuvrqdo glvwulexwlrq ri
lqfrph udwkhu wkdq wkh idfwru glvwulexwlrq ri lqfrph/ L dvvxph wkdw shrsoh
<glhu lq delolw|/ zklfk kdv wzr glphqvlrqv= fuhdwlylw| dqg surgxfwlylw|1 Il0
qdoo|/ L doorz iru edodqfhg jurzwk e| dvvxplqj d surgxfwlylw| wuhqg lq erwk
wkh surgxfwlrq dqg nqrzohgjh vhfwruv1
Wkxv/ zh qrz kdyh d frqwlqxxp ri zrunhuv zkr glhu e| wkhlu vnloo ohyho
K 5 dfc4oKlv glvwulexwhg zlwk f1g1i1 8EK Wklv vnloo ghwhuplqhv wzr delolwlhv/
surgxfwlylw| dqg fuhdwlylw|1 Surgxfwlylw| lv wkh qxpehu ri h!flhqf| xqlwv
ri oderu wkdw d zrunhu kdv lq wkh pdwhuldo jrrgv vhfwru/ zkloh fuhdwlylw|
lv wkh qxpehu ri h!flhqf| xqlwv ri oderu kh zrxog kdyh lq wkh nqrzohgjh
vhfwru1 Ixuwkhupruh/ zh dvvxph wkdw fuhdwlylw| lv uhodwlyho| pruh xqhtxdoo|
glvwulexwhg wkdq surgxfwlylw|1 Pruh vshflfdoo|/ d zrunhu ri vnloo K kdv d
fuhdwlylw| jlyhq e|  ' k￿K n q￿c dqg d surgxfwlylw| htxdo wr , ' k,K n q,c
zlwk k,ck ￿ : fcq,cq￿  fc dqg q,*q￿ :k ,*k￿ Wklv odwwhu dvvxpswlrq
lpsolhv wkdw surgxfwlylw| lv ohvv hodvwlf wr vnloo wkdq fuhdwlylw|1
Wkh lq rz ri qhz eoxhsulqwv lv ghwhuplqhg dv iroorzv1 Rqh h!flhqf| xqlw
ri fuhdwlylw| ghglfdwhg wr lqqrydwlrq gxulqj d vpdoo wlph lqwhuydo _| doorzv
wr surgxfh *|_| qhz ydulhwlhv1 Frqvhtxhqwo| / wkh qxpehu ri ydulhwlhv |
hyroyhv dffruglqj wr
 | ' M|*|c +<,
zkhuh M| lv wkh djjuhjdwh fuhdwlylw| lqsxw lq wkh U dqg G vhfwru16
Wkh vwdwlf prgho ghvfulehg lq wkh suhylrxv vhfwlrq lv vwloo ydolg lqwudwhp0
srudoo|/ zlwk wkh iroorzlqj prglfdwlrqv1 Iluvw/ wrwdo idfwru surgxfwlylw| @
lv qrz wlph0ydu|lqj/ dqg wkxv ghqrwhg e| @| Vhfrqg/ h{shqglwxuh -| pxvw
qrz eh frqvlvwhqw zlwk lqwhuwhpsrudo rswlpl}dwlrq e| frqvxphuv1 Wkdw lv/






zkhuh ￿| lv ghqhg e| +4, +zlwk d wlph vxevfulsw dsshqghg wr S￿￿|,/ dqg zkhuh
6Frqwudu| wr zkdw lv dvvxphg lq Jurvvpdq dqg Khospdq +4<<4, / ￿w lv h{rjhqrxv
dqg wkhuh lv qr h{whuqdolw| iurp wkh djjuhjdwh qxpehu ri jrrgv wr ￿w= Wr jhw edodqfhg
h{rjhqrxv jurzwk sdwkv/ L vkdoo dvvxph wkdw lw idoov dw d frqvwdqw udwh j=






f o￿_￿  `￿c +44,
zkhuh `￿ lv wkh djhqw*v wrwdo zhdowk dqg o￿ wkh lqvwdqwdqhrxv uhdo lqwhuhvw
udwh dw gdwh 
Rxu sulfh qrupdol}dwlrq lv xqfkdqjhg dqg frqvxpswlrq ri hdfk jrrg uh0
p d l q vg h w h u p l q h ge |S￿￿| ' S￿| ' -￿|*| Frqvhtxhqwo| +8, vwloo krogv iru qrq
vdwldwhg djhqwvc lpso|lqj wkdw wkh Hxohu htxdwlrq fruuhvsrqglqj wr +43,0+44,
lv
 |7 S   -￿| '
%




E|7 S  -￿| +45,
O l q h d u l w |r i+ 4 5 ,l q-￿| doorzv djdlq wr djjuhjdwh dfurvv frqvxphuv/7 jhw0
wlqj=
 |7 S   -|
|7 S  -|
'
%





Zlwklq hdfk shulrg/ oderu pdunhw htxloleulxp lv vwloo ghwhuplqhg e| +:,/
dqg wkh lqwud0shulrg sulflqj uxohv duh xqfkdqjhg1 Frqvhtxhqwo|/ wkh zdjh
htxdwlrq +;, vwloo krogv1 Zh uhzulwh lw iru frqyhqlhqfh/ dgglqj wlph lqglfhv=
 ' @|
7 S|  2@|u|
7 S|  @|u|
 +47,
Ilqdoo|/ wrwdo h!flhqf| oderu vxsso| u lv qr orqjhu {hg/ dv shrsoh duel0
wudwh ehwzhhq lqqrydwlrq dqg surgxfwlrq1 Pruh vshflfdoo|/ zh dvvxph wkdw
dw hdfk gdwh | shrsoh kdyh wr fkrrvh ehwzhhq vshfldol}lqj lq wkh jrrgv vhfwru
yv1 wkh nqrzohgjh vhfwru1 Wkhuh duh qr frvwv dvvrfldwhg zlwk fkdqjlqj rqh*v
vshfldol}dwlrq1 Wkhuhiruh/ rqh zloo hohfw wr eh d sxuh surgxfwlrq zrunhu li dqg
rqo| li
/|Ek￿K n q￿ 	 |Ek,K n q,c
7Zh fdq djdlq dvvxph wkdw +45, krogv iru vdwldwhg djhqwv dv orqj dv lw |lhogv dq h{shq0
glwxuh sdwk vxfk wkdw Qw￿ f?U mw iru doo w= Wklv zloo lqghhg eh wkh fdvh dv vxfk d gl￿huhqwldo
htxdwlrq lpsolhv wkdw wkh vljq ri Qw￿ f ￿ Umw fdqqrw fkdqjh dorqj d wudmhfwru|1
44zkhuh /| ghqrwhv wkh uhdo sulfh ri fuhdwlylw|1 Wkhuh duh wkuhh srvvleoh uhjlphv1
Li /| 	 |k,*k￿c +uhjlph L,/ wkhq jlyhq rxu dvvxpswlrq wkdw q,*q￿ :k ,*k￿c
wkh suhfhglqj lqhtxdolw| krogv iru doo K Lq wklv fdvh doo djhqwv vshfldol}h lq
sxuh surgxfwlrq dqg qr qhz eoxhsulqw lv ehlqj surgxfhg1 Li /| : |q,*q￿c
wkhq doo djhqwv vshfldol}h lq U ) G +uhjlph LL,1 Ilqdoo|/ wkh prvw lqwhuhvwlqj
fdvh rewdlqv li |k,*k￿ 	/ | 	 |q,*q￿ +uhjlph LLL, Lq wklv fdvh/ djhqwv
ehorz d fulwlfdo vnloo ohyho ehfrph surgxfhuv/ dqg wkrvh deryh wkdw ohyho






E| h{whqvlrq/ zh fdq dovr ghqh KWE'flq uhjlph LL dqg KWE'n 4
lq uhjlph L1









Ek,K n q,_8EK'uE/|*| +4:,
Rqh fohduo| kdv KW￿
	 fcM ￿ : fc dqg u￿ 	 f Glylglqj +49, e| +4:, zh jhw
d uhodwlrqvkls zklfk ghwhuplqhv wkh uhodwlyh vxsso| iru fuhdwlylw|=
M|*u| ' )E/|*|c +4;,
zkhuh )￿ : f
Lqyhqwruv jhw d sdwhqw zklfk jlyhv wkhp prqrsro| srzhu ryhu wkh sur0
gxfwlrq ri wkh qhz ydulhw| iru hyhu1 Wkh ydoxh ri vxfk d sdwhqw/ T|c hyroyhv
dffruglqj wr
o|T| ' Z| n  T|c
45zkhuh Z| lv wkh surw ri d prqrsro| dw |c zklfk zh fdq frpsxwh dv








Frpshwlwlrq lq wkh U dqg G vhfwru jxdudqwhhv wkdw wkh frvw ri surgxflqj
d ydulhw| htxdov wkh ydoxh ri d sdwhqw=
|/| ' T| +53,
Wr vxppdul}h/ zh kdyh d idluo| vwdqgdug vwuxfwxuh/ dv lq wkh h{lvwlqj
olwhudwxuh rq lqqrydwlrq ri jurzwk1 Wkh wzr qryhowlhv duh erxqghgqhvv ri
qhhgv/ dv fdswxuhg e| rxu txdgudwlf vshflfdwlrq/ dqg khwhurjhqhlw| dfurvv
zrunhuv/ zklfk ghwhuplqhv wkh vxsso| uhvsrqvh ri wkh doorfdwlrq ri oderu wr
wkh uhodwlyh uhwxuq wr fuhdwlylw|/ dqg doorzv wr dqdo|}h wkh ehkdylru ri wkh
glvwulexwlrq ri lqfrph dqg lwv ghshqghqfh rq wkh prgho*v sdudphwhuv1
7 Edodqfhg jurzwk sdwkv
Zh duh qrz lq d srvlwlrq wr hvwdeolvk uhvxowv uhjduglqj wkh surshuwlhv ri wkh
prgho1 Zh uvw fkdudfwhul}h edodqfhg h{rjhqrxv jurzwk sdwkv1 Wr gr vr zh
dvvxph wkdw wrwdo idfwru surgxfwlylw| jurzv dw udwh }	4 czkloh wkh frvw ri





Zh orrn iru d edodqfhg jurzwk sdwk zkhuh doo yduldeohv jurz dw wkh vdph
udwh1 Lq sduwlfxodu/ wklv lpsolhv wkdw wrwdo fuhdwlylw| dqg oderu lqsxw M dqg
u duh frqvwdqw/ dqg vr lv wkh udwlr ehwzhhq wkh uhwxuq wr hdfk idfwru/ /*
Qh{w/ +<, lpsolhv wkdw | pxvw jurz dw udwh }c dqg wkdw lwv htxloleulxp ohyho










Frqvhtxhqwo|/ wkh frqvxpswlrq ohyho S ri hdfk jrrg/ zklfk htxdov -|*|/
lv frqvwdqw1 Vxevwlwxwlqj wkhvh uhvxowv lqwr +46, vkrzv wkdw wkh uhdo lqwhuhvw
udwh pxvw eh frqvwdqw dqg htxdo wr 4 G
o ' 4
Ilqdoo| zh fdq xvh htxdwlrqv +54, dqg +55, wr h{suhvv zdjhv lq whupv ri
M*uc xvlqj +47,=
| ' @fe
}|7 SEM*u  2@f}f
7 SEM*u  @f}f
+56,





4EM*uE7 SM*u  @f}f
+57,






4EM*uE7 SM*u  2@f}f
+58,
Wkh prgho lv wkhq vroyhg dv iroorzv= Iluvw/ +58, dqg +4;, mrlqwo| ghwhu0
plqhv wkh udwlrv M*u dqg /* Rqfh wklv lv grqh/ ohyhov fdq eh frpsxwhg
xvlqj +57,/ +56,/ +49, dqg +4:,18
8Dw hdfk lqvwdqw ri wlph/ wrwdo kxpdq zhdowk lv jlyhq e| ZKw @+ $wK . zwO,@+￿￿j,>
zkloh wrwdo ￿qdqfldo zhdowk lv ZIw @ ￿wQw@￿= Djjuhjdwh frqvxpswlrq pxvw wkhq eh htxdo
wr Uw @+ ZIw.ZKw,+￿￿j,= Xvlqj +57,/ +56,/ +54,/ +4<,/ dqg +53, zh fdq fkhfn wkdw wklv
dfwxdoo| erlov grzq wr Uw @ dwO= Dv ￿Aj >dw hdfk gdwh frqvxpswlrq lv wkh vxp ri oderu
lqfrph soxv d iudfwlrq ri fdslwdo lqfrph1
47Wkh vwuxfwxuh ri wkh jurzwk surfhvv lv fdswxuhg e| sdudphwhuv @fcfc
dqg wkh jurzwk udwh } Sdudphwhuv 7 S dqg 4 fkdudfwhul}h wkh vwuxfwxuh ri
suhihuhqfhv1
Zh duh qrz lq d srvlwlrq wr glvfxvv krz wkh vwuxfwxuh ri suhihuhqfhv dqg
ri wkh jurzwk surfhvv dhfw wkh glvwulexwlrq ri lqfrph1 Lw wxuqv rxw wkdw wr
xqghuvwdqg wkh orjlf ri wkh uhvxowv lw lv ehvw wr ghdo zlwk wzr vshfldo fdvhv1
714 Wzr vshfldo fdvhv
71414 Shuihfw prelolw|= /* ' Frqvwdqw
Zh uvw frqvlghu wkh fdvh zkhuh wkh vxsso| uhvsrqvh ri wkh doorfdwlrq ri wdohqw
wr wkh uhodwlyh uhwxuq wr fuhdwlylw| lv lqqlwho| hodvwlf1 Wklv zloo kdsshq li
fuhdwlylw| lv h{dfwo| dv frqfhqwudwhg dv surgxfwlylw|/ l1h1 k,*k￿ ' q,*q￿ Lq
vxfk d fdvh/ lq htxloleulxp wkh uhodwlyh uhwxuq wr fuhdwlylw| pxvw eh htxdo wr
d frqvwdqw h{dfwo| htxdo wr wklv frpprq udwlr1 Dv looxvwudwhg rq jxuh 5/ wkh
uhodwlyh vxsso| ri fuhdwlylw| lv lqqlwho| hodvwlf/ l1h1 krul}rqwdo1
Wkh htxloleulxp ydoxh ri M*u f d qw k h qe hf r p s x w h ge |s o x j j l q jw k h











Soxjjlqj wklv lqwr +56,/ wklv doorzv wr frpsxwh zdjhv=










Wkh txhvwlrq zh duh lqwhuhvwhg lq lv= krz gr zdjhv ghshqg rq wkh ghpdqg
d q gj u r z w ks u r f h v v h vd q gl vw k h u hds u r g x f w l y l w |s d u d g r { B W k l vi r u p x o d
vkrzv wkdw zdjhv duh lqfuhdvlqj lq qhhgv 7 Sc dv lq wkh vwdwlf prgho1 Wkh|
dovr lqfuhdvh zkhq shrsoh duh pruh lpsdwlhqw +4 idoov,/ dqg lqqrydwlrqv duh
fkhdshu +f idoov,1 Doo wkhvh fkdqjhv pryh wkh hfrqrp| dzd| iurp d Pdu{ldq
48}rqh e| hlwkhu gluhfwo| lqfuhdvlqj wkh hodvwlflw| ri xwlolw| ru e| lqfuhdvlqj wkh
lqfhqwlyhv wr lqwurgxfh qhz jrrgv1 Zkdw derxw @fq Wkh hhfw lv qrw d sulrul
reylrxv vlqfh lw lv wkh surgxfw ri dq lqfuhdvlqj surgxfwlylw| wlph rqh plqxv
dq lqfuhdvlqj pdun0xs1 Krzhyhu/ +5:, uhyhdov wkdw  lv lqfuhdvlqj lq @f
9 dqg






Wklv ohyho jurzv zlwk wlph ehfdxvh ri edodqfhg surgxfwlylw| jurzwk/ exw
dw dq| jlyhq | lw uhpdlqv qlwh ghvslwh wkdw surgxfwlylw| @f whqgv wr lqqlw|1
Dv +59, vkrzv/ M*u lqfuhdvhv dqg jrhv wr lqqlw| dv @f ulvhv1 Dv surgxf0
wlylw| ehfrphv lqqlwh lq wkh surgxfwlrq vhfwru/ hyhu|erg| vshfldol}hv lq wkh
surgxfwlrq ri eoxhsulqwv1
Dv surgxfwlylw| lqfuhdvhv/ qhz jrrgv duh ehlqj lqwurgxfhg/ zklfk suh0
yhqwv frqvxpswlrq iurp ulvlqj wrr pxfk dqg khqfh wkh hodvwlflw| ri ghpdqg
iurp idoolqj wrr pxfk1 Dv d uhvxow zdjhv gr qrw idoo dqg wkh Pdu{ldq }rqh
qr orqjhu h{lvwv +Iljxuh 6,1 Krzhyhu/ d  dyru ri lw uhpdlqv1 Zdjhv gr qrw
lqfuhdvh sursruwlrqdoo| wr surgxfwlylw| dqg wkh udwlr ehwzhhq wkh wzr idoov
d q gj r h vw r} h u rd vs u r g x f w l y l w |e h f r p h vl q  q l w h 1 I x u w k h u p r u h /d v@f eh0
frphv lqqlwh zdjhv frqyhujh wr d frqvwdqw1 Wkxv vxffhvvlyh surgxfwlylw|
lpsuryhphqwv kdyh hyhu dq vpdoohu lpsdfw rq zdjhv1
Zkdw derxw wkh glvwulexwlrq ri hduqlqjvB Dv k,*k￿ ' q,*q￿c lq htxl0
oleulxp shrsoh duh dozd|v lqglhuhqw ehwzhhq vshfldol}lqj lq surgxfwlrq ru
lqqrydwlrq1 Dw dq| gdwh |c wkh lqfrph ri dq| djhqw K lv wkhuhiruh jlyhq e|
+|EK'|Ek,K n q, Uhodwlyh phdvxuhv ri lqhtxdolw| wkhuhiruh rqo| ghshqg
rq k, dqg q,> wkh| duh dhfwhg qhlwkhu e| wkh jurzwk surfhvv qru suhihuhqfhv1
Lq wkh EKc*?+|EK sodqh/ erwk edodqfhg jurzwk dqg fkdqjhv lq @fcfc7 Scdqg
4 wudqvodwh wkh zdjh vfkhgxoh yhuwlfdoo| +Iljxuh 7,1
Dv zh kdyh dujxhg deryh/ sxufkdvlqj srzhu lv glhuhqw iurp xwlolw|1 Dv
@f ehfrphv lqqlwh/ wkh qxpehu ri jrrgv lqfuhdvhv/ zklfk lq lwvhoi lqfuhdvhv
9gz@gd3 lv srvlwlyh li dqg rqo| li +4 . {,6@5 ￿+4. {, A{ @ 5> zlwk { @￿ f@+￿d3￿3,= Wklv
lqhtxdolw| lv dozd|v wuxh1
:Wklv fdq eh vhhq xvlqj d ￿uvw0rughu wd|oru h{sdqvlrq ri +5:, lq 4@d3=
49zhoiduh +vhh ht1 +8,,1 Wkhuhiruh/ wkh fkdqjhv lq erwk zdjhv dqg glyhuvlw|
whqg wr lqfuhdvh xwlolw|/ vr wkdw wkhuh lv qr Pdu{ldq }rqh dv zhoo lq whupv ri
xwlolw|
Wkh glvwulexwlrq ri lqfrph oderu dqg fdslwdo +zklfk frqvlvwv ri lqwdqjleoh
surshuw| uljkwv rq h{lvwlqj jrrgv, lv dovr lqwhuhvwlqj wr orrn dw1 Dv surwv
pxvw eh htxdo wr /4fe}|c wkh udwlr Z*| +zklfk idoov zlwk |, grhv qrw ghshqg
rq @f Dv | lqfuhdvhv zlwk @fc wkh udwlr ri wrwdo surwv ryhu wrwdo zdjhv
Z|*| +zklfk lv frqvwdqw zlw |, lv lqfuhdvlqj zlwk @f
71415 ]hur prelolw|= M*u ' Frqvwdqw
Wkh rwkhu vshfldo fdvh zh frqvlghu lv wkdw ri dq lqhodvwlf uhodwlyh vxsso| fxuyh
ri fuhdwlylw| +Iljxuh 8,1 Wklv fdvh rewdlqv li wkh glvwulexwlrq ri vnloov kdv wzr
pdvvhv/ vd| li wkhuh duh fuhdwlyh shrsoh xqdeoh wr zrun lq wkh surgxfwlrq
vhfwru/ dqg surgxfwlyh shrsoh xqdeoh wr zrun lq U dqg G1;Ohw xv wkhuhiruh
dvvxph M ' u '  Lq wklv fdvh/ zh fdq uhdglo| frpsxwh zdjhv xvlqj +56,/
zklfk qrz erlov grzq wr
| ' @fe
}|7 S  2@f}f
7 S  @f}f

Wklv htxdwlrq lv yhu| vlplodu wr +;, dqg kdv wkh vdph dqdo|wlfdo surs0
huwlhv1 Frqvhtxhqwo| zh duh edfn wr wkh fdvh zkhuh sdvw d fulwlfdo ohyho ri
surgxfwlylw|/ ixuwkhu lqfuhdvhv lq @f uhgxfh zdjhv lq wkh surgxfwlrq vhfwru1
Lq frqwudvw/ +57, lpso| wkdw wkh zdjh ri fuhdwlyh zrunhuv xqdpeljxrxvo| lq0
fuhdvh/ zkloh +58, lpsolhv wkdw lqhtxdolw| dozd|v lqfuhdvhv surylghg /  
lqlwldoo|/ zklfk zrxog eh wkh fdvh li fuhdwlyh zrunhuv kdg wkh rswlrq ri zrun0
lqj lq surgxfwlrq zlwk wkh vdph surgxfwlylw| dv qrq fuhdwlyh rqhv/ zkloh wkh
uhyhuvh zrxog eh lpsrvvleoh1
Wkhuhiruh/ wkh devhqfh ri prelolw| iurp surgxfwlrq wr lqqrydwlrq irufhv
zrunhuv wr jhw srruhu dv surgxfwlylw| lq wkh rxwsxw vhfwru ehfrphv wrr odujh
uhodwlyh wr wkdw lq wkh U dqg G vhfwru1
;Lw zloo dovr rewdlq li shrsoh grq*w kdyh wr vshfldol}h dqg jhw d zdjh htxdo wr wkh vxp
ri wkh uhwxuqv wr wkhlu fuhdwlylw| dqg surgxfwlylw|1
4:Fuhdwlyh zrunhuv dozd|v ehqhw iurp dq lqfuhdvh lq @fc zkloh surgxfwlyh
zrunhuv pd| hlwkhu ehqhw ru orvh1 Lq frqwudvw/ d idoo lq wkh frvw ri U dqg
G f xqdpeljxrxvo| kdupv wkh iruphu/ zkloh ehqhwwlqj wkh odwwhu1 Wklv lv
fohdu iurp +57,1 D idoo lq f lqfuhdvhv wkh qxpehu ri ydulhwlhv1 Wklv uhgxfhv
wkh txdqwlw| ri hdfk ydulhw| ehlqj frqvxphg/ zklfk/ jlyhq wkh vwuxfwxuh ri
ghpdqg/ wuljjhuv d vkdus idoo lq pdunxsv1 Wkhvh wzr hhfwv wrjhwkhu duh
vwurqjhu wkdq wkh lqfuhdvh lq fuhdwlyh zrunhuv*v surgxfwlylw|/ vr wkdw rq qhw
wkhlu zdjhv idoo1 Djdlq/ li /* :  lqlwldoo|/ lqhtxdolw| idoov1
Idvwhu jurzwk/ l1h1 dq lqfuhdvh lq }c ehqhwv fuhdwlyh zrunhuv zkloh kdup0
lqj surgxfwlyh rqhv1 Wklv lv ehfdxvh lw errvwv wkh ydoxh ri U dqg G upv/
zklfk lv uh hfwhg lq wkh zdjhv ri fuhdwlyh zrunhuv1 Dw wkh vdph wlph/ wkh
dffxpxodwhg qxpehu ri jrrgv | idoov uhodwlyh wr wkh surgxfwlylw| jurzwk
wuhqg +ht1 +54,,1 Wklv hhfw lv vlplodu wr wkh idoo lq wkh fdslwdo2oderu udwlr
wkdw rqh jhwv lq wkh Vrorz prgho zkhq jurzwk lv idvwhu1 Khuh/ lw phdqv wkdw
f r q v x p s w l r qr ih d f kj r r gS ' -* lqfuhdvhv/ zklfk lqfuhdvhv pdunxsv/ wkxv
dgyhuvho| dhfwlqj zdjhv lq wkh rxwsxw vhfwru1
Ilqdoo|/ juhdwhu qhhgv +d juhdwhu ydoxh ri 7 S,l q f u h d v hz d j h vi r uu h d v r q v
douhdg| h{sodlqhg lq vhfwlrq 5/ zkloh wkh| uhgxfh wkh uhwxuq wr fuhdwlylw|
ehfdxvh ri wkhlu dgyhuvh hhfwv rq pdunxsv1<
Dv lq wkh suhylrxv vhfwlrq/ wkh udwlr Z*/ grhv qrw ghshqg rq @f Wklv
lpsolhv wkdw Z* jurzv zlwk @fc dv grhv Z*1 Frqwudu| wr wkh suhylrxv vxe0
vhfwlrq/ lw lqfuhdvhv ehfdxvh hdfk up pdnhv pruh surwv/ qrw ehfdxvh wkhuh
duh pruh upv1 Lq erwk fdvhv wkh prgho suhglfwv wkdw surgxfwlylw| lqfuhdvhv
uhvxow lq dq lqfuhdvh lq wkh udwlr ehwzhhq vwrfn pdunhw fdslwdol}dwlrq dqg wkh
zdjh eloo1
715 Vrph pruh jhqhudo uhvxowv
Zh qrz vwxg| wkh pruh jhqhudo fdvh zkhuh wkh uhodwlyh vxsso| ri fuhdwlylw|
kdv dq duelwudu| hodvwlflw|1 Wkh htxloleulxp ydoxhv ri M*u dqg /* duh wkhq
<Khuh/ dqdo|vlv lq whupv ri zdjhv frlqflghv zlwk zhoiduh dqdo|vlv/ dv wkh qxpehu ri
jrrgv grhv qrw fkdqjh1
4;ghwhuplqhg e| wkh lqwhuvhfwlrq ri wkh uhodwlyh vxsso| dqg uhodwlyh ghpdqg
fxuyh/ dv looxvwudwhg rq Iljxuh 91 Ohw xv djdlq glvfxvv wkh lpsdfw ri dq
lqfuhdvh lq surgxfwlylw| @f Dv +58, pdnhv fohdu/ wkh uhodwlyh ghpdqg iru
fuhdwlylw| vkliwv xs/ zkloh wkh uhodwlyh vxsso| vfkhgxoh lv xqdhfwhg1 Wkh
uhodwlyh uhwxuq wr fuhdwlylw| /* qhfhvvdulo| ulvhv/ dv grhv wkh M*u udwlr1
Zkdw kdsshqv wr wkh glvwulexwlrq ri lqfrphB Rxu dvvxpswlrqv lpso|
wkdw wkh prvw vnloohg zloo vshfldol}h lq nqrzohgjh surgxfwlrq/ dqg wkdw wkh
zdjh vfkhgxoh lv vwhhshu iru wkhvh zrunhuv wkdq iru wkrvh zkr vshfldol}h lq wkh
rxwsxw vhfwru1 Wklv lv looxvwudwhg rq Iljxuh :1 Iljxuh ; ghslfwv wkh lpsdfw
ri dq lqfuhdvh lq @ Lqhtxdolw| lqfuhdvhv iru wzr uhdvrqv1 Iluvw/ wkh fulwlfdo
vnloo ohyho KW idoov/ vr wkdw pruh shrsoh kdyh wkhlu hduqlqjv ghwhuplqhg e|
wkh vwhhshu vfkhgxoh zklfk uhzdugv fuhdwlylw|1 Vhfrqg/ dv /* ulvh/ wkh jds
ehwzhhq wkh wzr vorshv ulvhv/ wkxv dxjphqwlqj lqhtxdolw|1 Wkh Vroryldq fdvh
zkhuh wkhuh lv qr devroxwh idoo lq zdjhv lv uhsuhvhqwhg rq jxuh ;d/ zkloh wkh
Pdu{ldq fdvh lv uhsuhvhqwhg rq jxuh ;e1
Wkhuhiruh/ jhqhudo whfkqlfdo surjuhvv lq wkh surgxfwlrq vhfwru lqkhuhqwo|
lqfuhdvhv lqhtxdolw| wkurxjk lwv hhfw rq pdunxsv/ zklfk kdupv zrunhuv vsh0
fldol}hg lq wkdw vhfwru/ zkr/ xqghu wkh dvvxpswlrq wkdw fuhdwlylw| lv pruh
vsuhdg wkdq surgxfwlylw|/ wxuq rxw wr eh wkh ohdvw ulfk1 Lq frqwudvw/ li pdunxsv
zhuh frqvwdqw/ zdjhv zrxog eh sursruwlrqdo wr surgxfwlylw|/ | ' )@|c dqg lw
lv hdv| wr fkhfn wkdw /| zrxog eh jlyhq e| /| ' @|}E)u*EM4 Wkhuhiruh/
wkh uhodwlyh ghpdqg iru fuhdwlylw| zrxog eh xqdhfwhg e| whfkqlfdo surjuhvv1
Dv wkh uhodwlyh vxsso| lv dovr xqdhfwhg/ whfkqlfdo surjuhvv zrxog eh sodlqo|
qhxwudo/ lqfuhdvlqj doo lqfrphv sursruwlrqdoo| zlwkrxw dq| hhfw rq wkh door0
fdwlrq ri oderu1
Zkdw derxw wkh devroxwh zdjhv ri zrunhuv lq wkh rxwsxw vhfwruB Wkh|
pd| idoo li wkhuh h{lvwv d Pdu{ldq }rqh1 Zh kdyh vhhq wkdw vxfk d }rqh grhv
qrw h{lvw li uhodwlyh vxsso| lv lqqlwho| hodvwlf/ zkloh lw grhv li hodvwlflw| lv
}hur1 Lqwxlwlyho|/ wkhuhiruh/ zdjhv pd| idoo li wkh uhodwlyh vxsso| fxuyh lv
vwhhs hqrxjk1
Zkdw fdq eh hvwdeolvkhg lv wkdw li wkh hodvwlflw| ri uhodwlyh vxsso| lv
4<erxqghg/ d Pdu{ldq }rqh qhfhvvdulo| h{lvwv/ dqg wkdw lw lqfoxghv doo surgxf0
wlylw| ohyhov eh|rqg d fulwlfdo rqh1
SURSRVLWLRQ 4  Dvvxph wkhuh h{lvwv #:f vxfk wkdw %)￿E%*) 	
#c;%:f Wkhq rqh ri wkh wzr iroorzlqj vwdwhphqwv pxvw krog=
+l, Wkhuh h{lvwv d ydoxh ri @f vxfk wkdw | 'firu doo | lq wkh dvvrfldwhg
edodqfhg jurzwk sdwk/
RU=
+ll, iru doo @W wkhuh h{lvwv  @:@ W vxfk wkdw
Y|
Y@f
	 f dw @f ' @
SURRI  Vhh Dsshqgl{
Wkhuhiruh/ Pdu{ldq }rqhv duh wkh uxoh udwkhu wkdq wkh h{fhswlrq1 Rqo| li
uhodwlyh vxsso| lv lqqlwho| hodvwlf dv|pswrwlfdoo| fdq wkh| idlo wr dulvh1
Djdlq/ wkh orvv ri sxufkdvlqj srzhu pd| eh frpshqvdwhg/ lq whupv ri
zhoiduh/ e| wkh lqfuhdvh lq  wuljjhuhg e| d ulvh lq surgxfwlylw|1 Krzhyhu/
li wkhuh h{lvw zrunhuv zlwk dq duelwudulo| orz oderu hqgrzphqw/ wkhlu zhoiduh
qhfhvvdulo| idoov1 Wklv lv ehfdxvh vxfk zrunhuv ydoxh glyhuvlw| yhu| olwwoh= wkh
hhfw ri  rq wkhlu xwlolw| lv ri vhfrqg0rughu uhodwlyh wr wkdw ri 43 Zh vkdoo
uhwxuq wr wklv surshuw| lq vhfwlrq 9 zkhq zh glvfxvv uhglvwulexwlyh srolflhv1
8 Xqedodqfhg jurzwk
Qrwh wkdw wkh suhylrxv h{huflvhv frpsduh zdjh ohyhov dfurvv wudmhfwrulhv zkhuh
doo yduldeohv jurz dw udwh } Zkloh dq lqfuhdvh lq surgxfwlylw| pd| kdyh dq
dgyhuvh hhfw rq zdjhv/ wkh| qhyhuwkhohvv nhhs jurzlqj vr wkdw wkhuh lv qr
vhfxodu ghfolqh lq zdjhv1 Vxfk d ghfolqh/ iroorzlqj d mxps lq @fc lv dw ehvw
wudqvlwru|1 Wklqjv duh udglfdoo| glhuhqw/ krzhyhu/ li jurzwk lv xqedodqfhg/
l1h1 li  grhv qrw idoo dw wkh vdph udwh dv @ lqfuhdvhv1 Dvvxph iru h{dpsoh
43Wklv lv djdlq lpsolhg e| wkh irupxod iru wkh xwlolw|  rz= x @ zo+￿ f ￿ zo@5Q,= Wkh
h￿hfw ri z lv ri rughu o> zkloh wkdw ri Q lv ri rughu o5=
53wkdw  idoov dw d udwh  orzhu wkdq } Lw lv hdv| wr vhh wkdw lq wkh orqj uxq/ wkh
qxpehu ri jrrgv fdqqrw jurzwk dw d udwh idvwhu wkdq c dv wkh wrwdo lqsxw
lq wkh surgxfwlrq surfhvv lv erxqghg deryh1 Dvvxph lw grhv=  * '  Dv
lpsolhg e| ht1 +47,/ iru zdjhv qrw wr ehfrph htxdo wr }hur lq qlwh wlph/ wrwdo
hpsor|phqw lq h!flhqf| xqlwv lq wkh surgxfwlrq vhfwru/ uc pxvw idoo dw d udwh
dw ohdvw htxdo wr } Xvlqj +;,/ wklv lpsolhv wkdw lq wkh orqj uxq zdjhv jurz
dw udwh } Dvvxplqj dq lvrhodvwlf uhodwlyh vxsso| fxuyh/ )E/*'E /*#c
zh fdq dovr vhh wkdw lq wkh orqj uxq wkh udwh ri jurzwk ri / pxvw h{fhhg
wkdw ri  e| dw ohdvw E}*# Ixuwkhupruh/ +4<, lpsolhv wkdw surwv fdqqrw
jurz idvwhu wkdq }-}￿ ' }n}u  f Wklv lq wxuq lpsolhv wkdw / jurzv
dw prvw dw udwh c z k l f kl vo r z h uw k d q} Wklv frqwudglfwv wkh fodlp wkdw /
pxvw jurz idvwhu wkdq }
Wkhuhiruh/ vxfk xqedodqfhg jurzwk qhfhvvdulo| gulyhv wkh hfrqrp| wr d
srlqw zkhuh zdjhv duh htxdo wr }hur1 Wkdw lv/ ehfdxvh lghdv fdqqrw nhhs xs
zlwk surgxfwlylw| jdlqv lq wkh pdwhuldo vhfwru/ wkh ghpdqg iru hdfk jrrg
whqgv wr eh vdwxudwhg dqg wkh hfrqrp| hqgv xs lq wkh pdu{ldq }rqh xqwlo
zdjh dfwxdoo| ehfrph htxdo wr }hur1 Lq wkh hqg/ hyhu|erg| zrunv lq wkh
nqrzohgjh vhfwru/ lqwurgxflqj qhz jrrgv vrog dw dq lqqlwh pdunxs1 Hy0
hu|erg| kdv ehfrph d cv|pero pdqlsxodwru* dqg lqhtxdolw| kdv lqfuhdvhg dv
fuhdwlylw| lv pruh xqhyhqo| glvwulexwhg wkdq surgxfwlylw|1
9 Srolf| lpsolfdwlrqv
914 Pdowkxvldq srolflhv yv1 uhglvwulexwlrq
Wkh h{lvwhqfh ri Pdu{ldq }rqhv vhhp wr ylqglfdwh Pdowkxvldq srolflhv wkdw
rssrvh wkh dgrswlrq ri qhz whfkqrorjlhv e| uhtxlulqj zrun uxohv/44 ru suhyhqw
44Lq Gdv Ndslwdo/ Fkdswhu 48/ Pdu{ jlyhv vrph lqwhuhvwlqj klvwrulfdo h{dpsohv ri vxfk
srolflhv=
￿Lq wkh 4:wk fhqwxu| qhduo| doo Hxursh h{shulhqfhg uhyrowv ri wkh zrunshrsoh djdlqvw
wkh uleerq0orrp/ d pdfklqh iru zhdylqj uleerqv dqg wulpplqjv/ fdoohg lq Jhupdq| Edqg0
p￿koh/ Vfkqxup￿koh/ dqg P￿kohqvwxko1 Wkhvh pdfklqhv zhuh lqyhqwhg lq Jhupdq|1 Dee￿
Odqfhoorwwl/ lq d zrun wkdw dsshduhg lq Yhqlfh lq 4969/ exw zklfk zdv zulwwhq lq 48:</
54surgxfwlylw| iurp ulvlqj e| lpsrvlqj zrunlqj wlph uhgxfwlrqv1 Vxfk srolflhv
duh riwhq dgyrfdwhg e| shrsoh zkrvh ylhz ri wkh zruog lv vlplodu wr wkh hqg
ri zrun dujxphqwv1 Lqghhg/ wkh deryh dqdo|vlv vxjjhvwv wkdw li uhgxflqj
lqhtxdolw| dqg lqfuhdvlqj wkh zdjhv ri wkh srruhvw lv d srolwlfdo ru vrfldo
jrdo/ vxfk srolflhv zloo lqghhg zrun lq wkh ghvluhg gluhfwlrq1
Dw idfh ydoxh/ vxfk surgxfwlylw|0uhgxflqj phdvxuhv duh olnho| wr eh txlwh
lqh!flhqw/ l1h1 grplqdwhg e| srolflhv wkdw vlpso| uhglvwulexwh iurp upv ru
fuhdwlyh zrunhuv lq idyru ri surgxfwlyh zrunhuv1 Vxfk uhglvwulexwlrq/ krzhyhu/
lv qrw zlwkrxw glvwruwlrqv/ dv lw lqgxfhv d pryhphqw ri oderu dzd| iurp
lqqrydwlrq lqwr wkh rxwsxw vhfwru1 Wklv kdv wzr lpsolfdwlrqv1 Iluvw/ pruh ri
hdfk jrrg lv ehlqj frqvxphg/ zklfk whqgv wr errvw pdunxsv dqg uhvxowv lq
orzhu zdjhv> wklv lv dyrlghg e| pdowkxvldq srolflhv zklfk sxvk wkh hfrqrp|
lqwr wkh orz pdunxs }rqh1 Wkh txhvwlrq lv= fdq wkh hhfw eh vwurqj hqrxjk wr
ryhuwxuq rxu d sulrul suhvxpswlrq wkdw uhglvwulexwlrq grplqdwhv pdowkxvldq
srolflhv1 Vhfrqg/ wkhuh lv ohvv glyhuvlw|/ zklfk whqgv wr uhgxfh zhoiduh1 Wkh
txhvwlrq lv= fdq wklv hhfw eh vwurqj hqrxjk vr dv wr pdnh uhglvwulexwlrq
lqhhfwlyh/ lq wkh vhqvh wkdw lw grhv qrw pdqdjh wr lqfuhdvh wkh zhoiduh ri
vd|v dv iroorzv= ￿Dqwkrq| P￿oohu ri Gdq}lj vdz derxw 83 |hduv djr lq wkdw wrzq/ d yhu|
lqjhqlrxv pdfklqh/ zklfk zhdyhv 7 wr 9 slhfhv dw rqfh1 Exw wkh Pd|ru ehlqj dssuhkhq0
vlyh wkdw wklv lqyhqwlrq pljkw wkurz d odujh qxpehu ri zrunphq rq wkh vwuhhwv/ fdxvhg
wkh lqyhqwru wr eh vhfuhwo| vwudqjohg ru gurzqhg1￿ Lq Oh|ghq/ wklv pdfklqh zdv qrw xvhg
wloo 495<> wkhuh wkh ulrwv ri wkh uleerq0zhdyhuv dw ohqjwk frpshoohg wkh Wrzq Frxqflo wr
surklelw lw1 ￿Lq kdf xueh/￿ vd|v Er{kruq +Lqvw1 Sro1/ 4996,/ uhihuulqj wr wkh lqwurgxfwlrq
ri wklv pdfklqh lqwr Oh|ghq/ ￿dqwh krv yljlqwl fluflwhu dqqrv lqvwuxphqwxp txlgdp lq0
yhqhuxqw wh{wrulxp/ txr vroxv soxv sdqql hw idflolxv frq￿fhuh srwhudw/ txdq soxuhv dhtxdol
whpsruh1 Klqf wxuedh ruwdh hw txhuxodh wh{wruxp/ wdqghptxh xvxv kxmxv lqvwuxphqwl d
pdjlvwudwx surklelwxv hvw1￿ Diwhu pdnlqj ydulrxv ghfuhhv pruh ru ohvv surklelwlyh djdlqvw
wklv orrp lq 4965/ 496</ )f1/ wkh Vwdwhv Jhqhudo ri Kroodqg dw ohqjwk shuplwwhg lw wr eh
xvhg/ xqghu fhuwdlq frqglwlrqv/ e| wkh ghfuhh ri wkh 48wk Ghfhpehu/ 49941 Lw zdv dovr
surklelwhg lq Frorjqh lq 49:9/ dw wkh vdph wlph wkdw lwv lqwurgxfwlrq lqwr Hqjodqg zdv
fdxvlqj glvwxuedqfhv dprqj wkh zrunshrsoh1 E| dq lpshuldo Hglfw ri 4<wk Ihe1/ 49;8/ lwv
xvh zdv iruelgghq wkurxjkrxw doo Jhupdq|1 Lq Kdpexuj lw zdv exuqw lq sxeolf e| rughu ri
wkh Vhqdwh1 Wkh Hpshuru Fkduohv YL1/ rq <wk Ihe1/ 4:4</ uhqhzhg wkh hglfw ri 49;8/ dqg
qrw wloo 4:98 zdv lwv xvh rshqo| doorzhg lq wkh Hohfwrudwh ri Vd{rq|1 Wklv pdfklqh/ zklfk
vkrrn Hxursh wr lwv irxqgdwlrqv/ zdv lq idfw wkh suhfxuvru ri wkh pxoh dqg wkh srzhu0orrp/
dqg ri wkh lqgxvwuldo uhyroxwlrq ri wkh 4;wk fhqwxu|1 Lw hqdeohg d wrwdoo| lqh{shulhqfhg er|/
wr vhw wkh zkroh orrp zlwk doo lwv vkxwwohv lq prwlrq/ e| vlpso| prylqj d urg edfnzdugv
dqg iruzdugv/ dqg lq lwv lpsuryhg irup surgxfhg iurp 73 wr 83 slhfhv dw rqfh1 ￿
55wkh srruhvwB
Dv iru wkh uvw txhvwlrq/ rqh fdq fohduo| vkrz wkdw uhglvwulexwlrq grpl0
qdwhv1 D vlpsoh judsklfdo dujxphqw lv ghslfwhg rq jxuh <1 Uhglvwulexwlrq
doorzv wr pryh wkh hfrqrp| dorqj d wudgh0r ehwzhhq fuhdwlyh dqg surgxf0
wlyh lqfrph1 Uhvwulfwlqj surgxfwlylw| pryhv wklv wudgh0r lqzdugv/ vr wkdw wr
dfklhyh wkh vdph ohyho ri zdjhv rqh jhwv d orzhu uhwxuq wr fuhdwlylw|1 Zkloh
uhvwulfwlqj surgxfwlylw| fdq pryh wkh hfrqrp| iurp srlqw D wr srlqw F zkhuh
zdjhv duh kljkhu/ uhglvwulexwlqj xs wr wkh srlqw zkhuh M*u +dqg wkhuhiruh
/*, lv wkh vdph dv dw F zloo dfklhyh kljkhu zdjhv dqg d kljkhu uhwxuq wr
fuhdwlylw|145 Wklv uhvxow lv idu iurp vxusulvlqj/ exw zruwk surylqj jlyhq wkh
srsxodulw| ri pdowkxvldq srolflhv lq vrph Hxurshdq frxqwulhv1
Ohw xv qrz ghdo zlwk wkh rwkhu txhvwlrq/ qdpho| wkh h{whqw wr zklfk
uhgxfwlrqv lq glyhuvlw| pd| hqg xs kduplqj wkrvh shrsoh zkr duh vxssrvhg
wr ehqhw iurp uhglvwulexwlrq1 Wr dqdo|}h wkdw/ ohw xv frqvlghu d vfkhph wkdw
wd{hv surwv +dv lq Zhlw}pdq +4<;8,, dqg xvhv wkh surfhhgv wr vxevlgl}h
zdjhv1 Rqh jhwv d vlwxdwlrq zkhuh surgxfwlyh oderu lv sdlg 7 | : | Qh{w/
wdnh htxdwlrq +8,/ zklfk jlyhv wkh xwlolw|  rz ri d zrunhu zlwk lqfrph -￿
Wklv htxdwlrq vwloo dssolhv wr rxu edodqfhg jurzwk sdwk1 D zrunhu zlwk oderu
hqgrzphqw ,c vshfldol}hg lq wkh surgxfwlyh vhfwru/ zloo jhw d xwlolw|  rz ri
7 |,E7 S  , 7 |*2| Dv zdv douhdg| srlqwhg rxw/ iru , duelwudulo| vpdoo/ wkh
lqfuhdvh lq 7 | grplqdwhv ryhu wkh idoo lq |c zklfk rqo| kdv d vhfrqg rughu
hhfw rq zhoiduh1 Lq rwkhu zrugv/ glyhuvlw| ehqhwv wkh ulfk1 Wkh srru duh
wrr idu iurp wkhlu eolvv srlqw rq hdfk jrrg wr ehqhw iurp wkh lqwurgxfwlrq
ri qhz ydulhwlhv1 Dw orz frqvxpswlrq ohyho xwlolw| lv qhdu olqhdu/ dqg lw lv dv li
wkh sk|vlfdo txdqwlwlhv ri hdfk jrrg frxog vlpso| eh dgghg wr frpsxwh rqh*v
xwlolw|1
Frqvhtxhqwo|/ uhglvwulexwlrq frxog rqo| kdup duelwudulo| srru shrsoh li lw
uhgxfhg wkhlu srvw0vxevlg| zdjh1 Exw wklv fdqqrw kdsshq/ dv Sursrvlwlrq 5
pdnhv fohdu1
SURSRVLWLRQ 5  Frqvlghu wkh lqwurgxfwlrq ri d surw0vkdulqj vfkhph
45D pruh irupdo dujxphqw lv suhvhqwhg lq wkh Dsshqgl{1
56vxfk wkdw d iudfwlrq w ri surwv lv wd{hg wr qdqfh d sursruwlrqdo zdjh vxevlg|





SURRI  Vhh Dsshqgl{1
Ri frxuvh/ uhglvwulexwlrq pd| zhoo kdup vrph surgxfwlyh zrunhuv zkrvh
oderu hqgrzphqw lv qrw wrr orz vr wkdw wkh| vxhu pruh iurp wkh orzhu
glyhuvlw| wkdq wkh| jdlq iurp juhdwhu zdjhv1 Wkdw lv/ wkhuh h{lvwv d fxw0r
ohyho ri vnloo deryh zklfk shrsoh pd| eh kduphg hyhq wkrxjk wkh| zrun lq
wkh surgxfwlyh vhfwru> wklv ohyho lv orzhu/ wkh juhdwhu wkh idoo lq wkh qxpehu
ri jrrgv dvvrfldwhg zlwk d jlyhq lqfuhdvh lq wkh srvw0vxevlg| zdjh1 Rqo| d
sxuh Udzovldq lq d zruog zkhuh duelwudulo| srru shrsoh fdq eh irxqg zrxog
zdqw wr hqjdjh lq vxfk d surw0vkdulqj vfkhph uhjdugohvv ri lwv hhfw rq
glyhuvlw|146
Frqfhlydeo|/ uhglvwulexwlrq fdq dovr lqfuhdvh wkh zdjhv +l1h1 pdwhuldo sxu0
fkdvlqj srzhu, ri fuhdwlyh zrunhuv/ dv pruh oderu lv ghglfdwhg wr pdwhuldo
surgxfwlrqzklfk pd| uhvxow lq juhdwhu pdwhuldo frqvxpswlrq iru hyhu|0
erg|1 Wklv lv lqghhg zkdw kdsshqv/ dv d fruroodu| ri sursrvlwlrq 5/ lq wkh
lqqlwh hodvwlflw| fdvh zkhuh wkh /*7  lv {hg1 Pruh vxusulvlqjo|/ lw lv hyhq
srvvleoh wkdw uhglvwulexwlrq eh Sduhwr0lpsurylqj/ ehfdxvh lw fdq eh vkrzq
wkdw/ jlyhq rxu vshflfdwlrq/ wkhuh duh wzr pdq| ydulhwlhv uhodwlyh wr wkh
xwlolwduldq uvw ehvw +vhh wkh Dsshqgl{ iru d irupdo uhvxow,1 Krzhyhu/ mxvw
dv wkh glyhuvlw|0uhgxflqj hhfw ri uhglvwulexwlrq lv qhjoljleoh uhodwlyh wr wkhlu
zdjh hhfw iru duelwdulo| srru shrsoh/ mxvw wkh rssrvlwh krogv iru duelwudulo|
ulfk shrsoh/ l1h1 shrsoh zkrvh frqvxpswlrq ohyho lv duelwudulo| forvh wr wkh
eolvv srlqw1 Wkh| fdqqrw eh pdgh kdsslhu e| dq lpsuryhphqw lq pdwhuldo
46Qrwh wkdw lq wklv fdvh wkh sursruwlrqdo zdjh vxevlg| wkdw zh frqvlghu lv idu iurp
dssursuldwh1
57olylqj vwdqgdugv> rqo| juhdwhu glyhuvlw| fdq sohdvh wkhp1 Irupdoo|/ wkh ghulyd0
wlyh ri wkh xwlolw|  rz -￿E7 S  -￿*2| zlwk uhvshfw wr lqfrph fdq eh pdgh
duelwudulo| vpdoo li -￿ lv forvh hqrxjk wr wkh eolvv srlqw 7 S| Frqvhtxhqwo|/
uhglvwulexwlrq fdqqrw eh Sduhwr0lpsurylqj li wkhuh h{lvwv vxfk shrsoh lq wkh
hfrqrp|1
Wkh suhfhglqj glvfxvvlrq vxjjhvwv wkdw wkhuh duh qrq wulyldo uhglvwulexwlyh
frq lfwv dvvrfldwhg zlwk lqqrydwlrq1 Lq rxu zruog zlwk krul}rqwdo lqqrydwlrq/
prylqj uhvrxufhv wrzdug wkh eoxhsulqw vhfwru fuhdwhv pruh ydulhwlhv exw
uhgxfhv sk|vlfdo rxwsxw/ zklfk lv zkdw wkh srru uhdoo| fduh derxw1 Wkdw
lv/ srolflhv wkdw idyru nqrzohgjh surgxfhuv vxfk dv wrxjkhu hqirufhphqw ri
lqwhoohfwxdo surshuw| uljkwv ru vxevlglhv wr U ) G pd| kdyh xqghvludeoh
glvwulexwlyh hhfwv1
915 Xqlrqv
Lw lv lqwhuhvwlqj wr frqvlghu wkh uroh ri d vshflf uhglvwulexwlyh lqvwlwxwlrq/
qdpho| oderu xqlrqv1 Jrlqj edfn wr wkh vlpsoh vwdwlf prgho ri vhfwlrq 4/ ohw
xv dvvxph wkdw hdfk up lv xqlrql}hg/ dqg wkdw wkh zdjh zlwklq hdfk up lv
ghwhuplqhg e| wkh xqlrq zklfk pd{lpl}hv ri wkh wrwdo zdjh eloo1 Vxevwlwxwlqj
wkh sulflqj uxoh lqwr +6, dqg xvlqj wkh sulfh qrupdol}dwlrq dqg wkh surgxfwlrq
ixqfwlrq/ zh jhw wkh oderu ghpdqg fxuyh idfhg e| wkh xqlrq lq vhfwru  G
,￿E'
7 SE  *@n-*@
2@
+5;,
Pd{lpl}dwlrq ri ,￿E jlyhv wkh iroorzlqj zdjh0vhwwlqj uxoh=
￿ '  '
@7 S
2E7 S  -
+5<,
Vxevwlwxwlqj wklv lqwr +7, dqg xvlqj wkh qrupdol}dwlrq R￿ ' c zh jhw wkh
ghwhuplqdwlrq ri wrwdo h{shqglwxuh
- ' 7 S*ec +63,





58Frqvhtxhqwo| zdjhv duh sursruwlrqdo wr surgxfwlylw| dqg wkhuh lv qr
Pdu{ldq }rqh1 Lqvlghuv dssursuldwh wzr0wklugv ri surgxfwlylw| jdlqv yld wkhlu
zdjh0vhwwlqj ehkdylrxu1 Rq wkh rwkhu kdqg/ xvlqj +64, dqg +63, lqwr +5;,/





Wkxv surgxfwlylw| jurzwk xqdpeljxrxvo| uhgxfhv hpsor|phqw$ Wkdw lv
wkh rqo| zd| sursruwlrqdo lqfuhdvhv lq zdjh ghpdqgv fdq eh uhfrqflohg zlwk
wkh lqflslhqw whqghqf| wr lqfuhdvh pdunxsv1 E| jhqhudwlqj xqhpsor|phqw/
wklv xqlrql}hg hfrqrp| suhyhqwv h{shqglwxuh iurp dssurdfklqj wkh vdwxud0
wlrq ohyho dv surgxfwlylw| lqfuhdvhv= lqghhg wrwdo h{shqglwxuh lv pdlqwdlqhg
frqvwdqw +ht1 +63,,/ vr wkdw pdunxsv gr qrw lqfuhdvh dqg wkh Pdu{ldq }rqh
lv qrw uhdfkhg/ dw wkh frvw ri kljkhu xqhpsor|phqw1
Lq wkh pruh jhqhudo g|qdplf prgho ri vhfwlrq 6/ udwkhu wkdq xqhpsor|0
phqw/ zh zrxog kdyh lqyroxqwdu| zrun lq wkh fuhdwlyh vhfwru/ wkdw lv surgxf0
wlrq ri nqrzohgjh wkdw lv qrw yhu| xvhixo dqg jhqhudwhv olwwoh lqfrph1 Wklv
uhplqgv vwuhhw hqwhuwdlqhuv/ iuhhodqfh zulwhuv/ vpdoo wkhdwhu frpsdqlhv/ dqg
vr iruwk1 Sdudgr{lfdoo|/ wklv lqfuhdvhv wkh qxpehu ri ydulhwlhv/ zklfk/ dv zh
kdyh vhhq/ ehqhwv wkh ulfkhvw exw grhv olwwoh wr khos wkh srruhvw1
916 Joredol}dwlrq
Wkh prgho pd| dovr kdyh vwulnlqj lpsolfdwlrqv uhjduglqj wkh lpsdfw ri *jore0
dol}dwlrq*/ l1h1 lqwhuqdwlrqdo wudgh/ rq zdjhv1 Zkloh wkh hpslulfdo olwhudwxuh
kdv vrphzkdw glvfuhglwhg wkh lghd wkdw wudgh lv uhvsrqvleoh iru wkh revhuyhg
ulvh lq lqhtxdolw| +vhh h1j1 Odzuhqfh dqg Vodxjkwhu +4<<6,,/ wkh w|slfdo suhglf0
wlrq lv wkdw wudgh vkrxog h{huw d grzqzdug suhvvxuh rq zdjhv ri wkh xqvnloohg
lq ulfk frxqwulhv/ ehfdxvh wklv idfwru lv pruh dexqgdqw lq srru frxqwulhv1 Wklv
lv wkh Vwroshu0Vdpxhovrq wkhruhp1
Zh vkrz wkdw wklv suhglfwlrq pd| zhoo eh uhyhuvhg/ l1h1 xqvnloohg zdjhv
pd| ulvh lq ulfk frxqwulhv dqg idoo lq srru frxqwulhv/ vr wkdw joredol}dwlrq
59pd| ohdg lq idoolqj lqhtxdolw| lq ulfk frxqwulhv dqg ulvlqj lqhtxdolw| lq srru
frxqwulhv1 Ehiruh glvfxvvlqj wkh hfrqrplf phfkdqlvp/ ohw xv vkrz krz wkh
prgho fdq eh h{whqghg wr d wzr0frxqwu| zruog1
Zh gr lw lq wkh fdvh zkhuh M dqg u duh frqvwdqw lq hdfk frxqwu|/ zklfk
lv htxlydohqw wr xvlqj wkh vwdwlf prgho zlwk d {hg qxpehu ri jrrgv1 Wkhuh
duh wzr frxqwulhv/ Krph +4, dqg Iruhljq +5,1 Zh dvvxph wkdw wkh| glhu
lq wkhlu surgxfwlylwlhv= @￿ 9' @2 Frxqwu| vshflf yduldeohv duh ghqrwhg e| d
vxevfulsw & ' c2c zkloh zruog yduldeohv duh ghqrwhg e| d wlogd +,1 Zkhq
wkhvh wzr frxqwulhv wudgh zlwk hdfk rwkhu/ wkh ghpdqg ixqfwlrq dqg sulfh
uxohv +6, dqg +7, vwloo krog/ zlwk - dqg  uhsodfhg e|  - dqg  c wkh zruog
h{shqglwxuh ohyho dqg qxpehu ri jrrgv> dqg  dqg @ uhsodfhg e| wkhlu ohyhov
vshflf wr wkh frxqwu| zkhuh wkh jrrg lv surgxfhg1 Khqfh/ dsso|lqj +7,/ li
^ ghqrwhv wkh iudfwlrq ri jrrgv surgxfhg dw krph/ ^ ' ￿*  c d prqrsro|
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Vlploduo| wkh rxwsxw ohyho ri vxfk d surgxfhuv lv jlyhq e|
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Ilqdoo|/ zh dvvxph wkdw prqrsrolhv fdq iuhho| fkrrvh wkh orfdolvdwlrq ri









5:Wkhuh lv d {hg qxpehu ri upv ￿
& edvhg lq hdfk frxqwu| &/z k l f kf d q
eh lqwhusuhwhg dv sursruwlrqdo wr wkh {hg qxpehu ri fuhdwlyh zrunhuv lq wkdw
frxqwu|1 Exw wkhvh upv fdq surgxfh lq wkh rwkhu frxqwu| li wkh| zdqw wr/ l1h1
￿
& pd| eh glhuhqw iurp & W k x vi d f w r u l h vd vz h o od vj r r g vd u hs h u i h f w o |
preloh1
Jlyhq wkdw   ' ￿
￿ n ￿
2 lv h{rjhqrxvc wkh deryh htxdwlrqv ghqh :
uhodwlrqvklsv lq ; yduldeohv= R&cS &c &c  - dqg ^ W k hp r g h of d qe hv r o y h ge |
slfnlqj xs dq| sulfh qrupdol}dwlrq1 Lw lv hdv| wr vhh wkdw wkh vroxwlrq lv jlyhq
e|=
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Krz grhv joredol}dwlrq dhfw zdjhvB Wr nqrz wkdw zh vkrxog frpsduh
zdjhv dv ghqhg e| wkh deryh irupxod wr dxwdunlf zdjhv1 Iru frxqwu| 4/
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+66,
Vwudljkwzruzdug frpsdulvrq ri +66, dqg +48, vkrzv wkdw ￿

















& lv wkh frqvxpswlrq ohyho ri hdfk jrrg/ lq dxwdun|/ lq frxqwu| &
Frqvhtxhqwo| wkh frxqwu| zkhuh zdjhv idoo lv wkh frxqwu| zkhuh frqvxps0
wlrq ri hdfk jrrg lv lqlwldoo| orzhu/ l1h1 wkh frxqwu| zkhuh wkh qxpehu ri upv
lv kljkhu uhodwlyh wr wrwdo surgxfwlyh fdsdflw|1 E| lqfuhdvlqj wkh rxwsxw ri
wkh upv edvhg lq wkdw frxqwu|/ joredol}dwlrq pryhv wklv frxqwu| forvhu wr
wkh Pdu{ldq }rqh/ dqg lwv zrunhuv vxhu iurp wkh kljkhu pdunxsv dssolhg
e| lwv upv wr qhz fxvwrphuv zkr fduh ohvv derxw wkh jrrg1 Iurp d idfwxdo
srlqw ri ylhz/ wklv pd| zhoo eh wkh srruhvw frxqwu|1 47
Dv lq wkh suhylrxv glvfxvvlrq/ wkh vdph fdyhdwv uhjduglqj wkh hhfw ri
juhdwhu glyhuvlw| dsso|= lq wkh frxqwu| zhuh zdjhv idoo/ vrph zrunhuv pd|
vwloo jdlq lq zhoiduh whupv ehfdxvh ri juhdwhu ydulhw|/ exw wklv lv qrw wkh fdvh
ri duelwudulo| srru rqhv1
:F r q f o x v l r q d q g d v v h v v p h q w
Wkh lghd wkdw jhqhudo whfkqlfdo surjuhvv lv kdupixo wr oderu dqg pd| ohdg wr
Wkh hqg ri zrun lv w|slfdoo| lqfrqvlvwhqw zlwk jhqhudo htxloleulxp dqdo|0
vlv1 Jhqhudo whfkqlfdo surjuhvv pdnhv rqh xqlw ri oderu zruwk pruh lq whupv
ri frqvxpswlrq jrrgv1 Lw lv yhu| kdug wr hvfdsh wklv frqfoxvlrq lq d zhoo0
vshflhg prgho1 Rqh fdq jhw wudqvlwru| qhjdwlyh hhfwv rq oderu li uhwudlqlqj
lv qhhghg +dv lq Djklrq dqg Krzlww/ 4<<7,/ ru li whfkqlfdo fkdqjh lv dv|pphw0
ulfdo dqg oderu uhdoorfdwlrq lv frvwo| +dv lq Frkhq dqg Vdlqw0Sdxo/ 4<<7,/ exw
wkhvh hhfwv duh xqolnho| wr eh yhu| orqj olyhg1 Lq wklv sdshu L kdyh vkrzq/ lq
wkh frqwh{w ri d vwdqgdug prgho ri prqrsrolvwlf frpshwlwlrq ehwzhhq glhu0
hqwldwhg jrrgv/ wkdw li qhhgv duh qlwh/ surgxfwlylw| zloo dhfw pdunxsv lq d
zd| wkdw lv v|vwhpdwlfdoo| ghwulphqwdo wr zdjhv lq wkh wdqjleoh jrrgv vhfwru1
47Dqrwkhu lqwhuhvwlqj lpsolfdwlrq ri +48, lv wkdw surgxfwlylw| jurzwk lq rqh frxqwu|
xqdpeljxrxvo| uhgxfhv zdjhv lq wkh rwkhu rqh1
5<Ehiruh frqfoxglqj/ lw lv zruwk uhshdwlqj wkdw zdjhv kdyh lqfuhdvhg e|
vhyhudo rughuv ri pdjqlwxgh ryhu wkh yhu| orqj uxq1 Wklv lv frqvlvwhqw zlwk wkh
edvlf Vrorz prgho/ dqg lw lv zkdw kdsshqv dorqj wkh edodqfhg jurzwk sdwkv
wkdw zh kdyh vwxglhg1 Wkh Pdu{ldq surgxfwlylw| sdudgr{ kljkoljkwhg lq wklv
sdshu fhuwdlqo| grhv qrw dsso| wr wkh h{shulhqfh ri prghuq hfrqrplhv ryhu
wkh odvw wzr fhqwxulhv1 Krzhyhu/ zkdw lv pruh sodxvleoh lv wkdw dq hfrqrp|
h{shulhqfhv vwdjqdwlrq ru ghfolqh lq zdjhv iru vhyhudo ghfdghv dv wkh rxwfrph
ri surgxfwlylw| jurzwk dqg wkh edqdol}dwlrq ri frqvxpswlrq1 Wklv lv zkdw
kdv ehhq revhuyhg uhfhqwo| dqg zkdw wklv prgho lv dlphg dw h{sodlqlqj1 Lq
wkh orqjhu uxq/ vxfk d ghfolqh zloo eh uhyhuvhg/ ehfdxvh surgxfwlylw| zloo
dovr lqfuhdvh lq wkh nqrzohgjh vhfwru/ dqg dovr ehfdxvh sxeolf dxwkrulwlhv
duh olnho| wr irufh d uhgxfwlrq lq pdunxsv e| frpshwlwlrq srolflhv vxfk dv
dqwl0wuxvw odzv/ d phfkdqlvp zh kdyh ljqruhg lq rxu dqdo|vlv e| dvvxplqj
wkdw prqrsro| srzhu lv lqwdfw lq uhvsrqvh wr fkdqjhv lq surgxfwlylw|1
63DSSHQGL[
SURRI RI SURSRVLWLRQ 4  Ohw  ' M*u dqg % ' 7 S*E}@ff Lq
dq| htxloleulxp rqh pxvw kdyh %:2 Glhuhqwldwlqj +56, zh vhh wkdw zdjhv





	 e  %  2*% +67,
Ixuwkhupruh/ xvlqj +58, wrjhwkhu zlwk +4;, dqg rxu dvvxpswlrq wkdw








)3￿EdE%  2*# n2 E %  o
 +68,
Iluvw/ qrwh wkdw jlyhq rxu irupxod iru zdjhv/ iru zdjhv wr uhpdlq srvlwlyh
zlwk @f lw pxvw eh wkdw  jrhv wr lqqlw| zlwk @f Rwkhuzlvh +l, krogv1 Ohw
xv wkhuhiruh dvvxph wkdw +l, grhv qrw krog1 Wkhq  ehfrphv lqqlwh zlwk @f
Vhfrqg/ zkhq  ehfrphv lqqlwh vr pxvw )3￿E Rwkhuzlvh lw zrxog
frqyhujh wr d frqvwdqw dqg wkh frqglwlrq %)￿E%*) 	 # z r x o ge hy l r o d w h gd v
% frqyhujhv wr wkdw frqvwdqw iurp ehorz1
Wklug/ wkh iroorzlqj vwdwhphqw fdqqrw eh wuxh=
<c @:fc;@f :  @c% : 2E n  +69,
zkhuh % uhihuv wr wkh ydoxh ri % lq wkh edodqfhg jurzwk sdwk fruuhvsrqglqj
wr wklv ydoxh ri @f








)3￿Ed2*# n 2E n 2o

Dv  dqg )3￿E jr wr lqqlw| zlwk @fc wkh UKV frqyhujhv wr 2
2￿*#n2E￿n2￿￿c
zklfk lv vwulfwo| ehorz rqh1 Exw wklv lpsolhv wkdw *@f hyhqwxdoo| jrhv wr
}hur/ dqg vr grhv %c zklfk frqwudglfwv +69,1
Wkhuhiruh/ wkh frqwudu| ri +69, krogv/ l1h1
;c @:fc<@f :  @c% 	 2E n 
64Lq zrugv/ wkhuh h{lvw vwhdg| vwdwhv zlwk @f duelwdulo| odujh dqg % duelwudu0
lo| forvh wr 51

















Qrz/ iru 0 vpdoo hqrxjk/ wkh UKV ri +6:, lv vwulfwo| vpdoohu wkdq wkh UKV
ri +67,1 Wr vhh wklv/ dsso| d uvw0rughu Wd|oru h{sdqvlrq rq erwk h{suhvvlrqv
dqg qrwh wkdw wkh UKV ri +6:, lv wkhq jlyhq e|   0  0*#c zkloh wkh UKV
ri +67, lv jlyhq e|   0 Wkhuhiruh/ zdjhv duh orfdoo| idoolqj zlwk @f lq doo
wkh vwhdg| vwdwhv vxfk wkdw 0 lv vpdoo hqrxjk1 Vlqfh vxfk vwhdg| vwdwhv fdq
eh frqvwuxfwhg iru duelwudulo| odujh ydoxhv ri @fc +ll, pxvw krog1 T1H1G1
SURRI RI SURSRVLWLRQ 5  Dv lq Zhlw}pdq +4<;7,/ upv pd{lpl}h
EwER￿S￿ S￿*@c zklfk ohdgv wr wkh vdph sulflqj uxoh1 Wkh srvw0vxevlg|
zdjh lv wkhq jlyhq e|/ xvlqj djdlq rxu sulfh qrupdol}dwlrq R￿ 'G
7  '  n w
R￿S￿  S￿*@
S￿*@
'E  w n w@
Shrsoh jhw d zhljkwhg dyhudjh ri wkh pdujlqdo uhyhqxh ri oderu dqg wkh
surgxfwlylw| ohyho1 Iurp wkhuh/ lw lv hdv| wr vhh wkdw suh0vxevlg| zdjhv duh
vwloo jlyhq e| +56,/ vr wkdw wkh srvw0vxevlg| zdjh lv




7 SEM*u  2@f}f




Glhuhqwldwlqj dqg ghqrwlqj e| % '7 SEM*u*E@f}f : 2c zh jhw wkdw







65Wkh vxsso| ri fuhdwlylw| qrz ghshqgv rq wkh srvw0vxevlg| zdjh udwlr /*7 








Dv iru wkh uhwxuq wr fuhdwlylw| /c lw fdq eh frpsxwhg e| qrwlqj wkdw suh0
vxevlg| zdjhv duh xqdhfwhg e| wc zkloh upv rqo| jhw d iudfwlrq   w ri
surwv1 Wkxv /c zklfk lv sursruwlrqdo wr wkh suhvhqw glvfrxqwhg ydoxh ri





4EM*uE7 SM*u  @f}f
 +74,
Frqiurqwlqj +6;,/ +73, dqg +74, dqg glhuhqwldwlqj/ zh fdq frpsxwh _%*_w













Qrz/ wkh UKV lv dozd|v vpdoohu wkdq Ew*E%*d2E%nwo Zkhq
% pryhv iurp 5 wr lqqlw|/ wklv txdqwlw| ydulhv ehwzhhq E  w*E2 n w dqg
f Wkhuhiruh wklv lqhtxdolw| lv dozd|v vdwlvhg1 T1H1G1
GHULYDWLRQ RI ILJXUH <  Xvlqj +74,/ +73,/ dqg +6;, zh fdq ghulyh
wkh iurqwlhu ehwzhhq / dqg 7  zkhq w ydulhv/ jhwwlqj
7 /| '
E@|  7 |}
4)E7 /|*|

Wkh qhjdwlyh vorsh ri wklv orfxv lv d fruurodu| ri surs1 5/ zkloh wkh suh0
fhglqj irupxod pdnhv lw hylghqw wkdw lw vkliwv lqzdugv zkhq @| idoov1
WKH VRFLDO RSWLPXP  Ohw xv frqvlghu d vrfldo sodqqhu zkr dv0












S￿K|E7 S  S￿K|*2e
34|__|_8EKc

























Lq wkhvh frqvwudlqwv/ zh kdyh douhdg| hperglhg wkh idfw wkdw lw lv rswlpdo
wr dvvljq shrsoh deryh vrph fulwlfdo vnloo ohyho KW
| wr wkh nqrzohgjh vhfwru/ dqg
shrsoh ehorz wkdw fulwlfdo ohyho wr wkh pdwhuldo vhfwru1 Wklv lv dq lpsolfdwlrq
ri rxu dvvxpswlrq wkdw k￿*k, :q ￿*q,







D ehqfkpdun fdvh lv bK ' c l1h1 wkh xwlolwduldq fdvh1
W k hs u r e o h pf d qw k h qe hv r o y h gl qw z rv w h s v 1 I l u v w /r q hf r p s x w h vw k h





￿’f S￿K|E7 S  S￿K|*2__8EK xqghu +76, dqg +77,/
wdnlqj | dv jlyhq1 Wkh vroxwlrq lv









Vhfrqg/ soxjjlqj wklv lqwr wkh remhfwlyh ixqfwlrq/ zh vhh wkdw wkh vrfldo





































bK_8EK lv d frqvwdqw/ zklfk/ jlyhq +78, dqg Mhqvhq*v lqhtxdolw|/




















zkhuh D| lv wkh fr0vwdwh yduldeoh/ l1h1 wkh pdujlqdo vrfldo ydoxh ri dq h{wud
ydulhw| dw |
Wkh uvw0rughu frqglwlrq zlwk uhvshfw wr KW













Zh nqrz wkdw _u
_KW ' k,KW n q, dqg _u
_KW ' k￿KW n q￿ Vxevwlwxwlqj/ dqg
qrwlqj wkdw +48, fdq eh zulwwhq dv  _u
_KW n / _u
_KW 'f / wklv htxdwlrq fdq eh




















￿ 'E /*7 lv
surshuo| lqwhusuhwhg dv wkh pdujlqdo uhodwlyh vrfldo uhwxuq wr fuhdwlylw|1
Wkh uvw rughu frqglwlrq zlwk uhvshfw wr wkh vwdwh yduldeoh | lv=











68Lq d edodqfhg jurzwk sdwk/ rqh pxvw kdyh D ' Frqvwdqw/ dqg wklv doorzv
wr frpsxwh wkh uhodwlyh vrfldo uhwxuq wr fuhdwlylw|1 Xvlqj wkh uhodwlrqvklsv





















Dv looxvwudwhg rq jxuh D4/ wkh vrfldo rswlpxp lv ghwhuplqhg e| wkh
lqwhuvhfwlrq ri wkh uhodwlyh vrfldo ghpdqg iru fuhdwlylw|/ jlyhq e| +7:,/ dqg
wkh uhodwlyh vxsso| fxuyh/ jlyhq e| +79,/ zkloh htxloleulxp lv ghwhuplqhg e|
wkh lqwhuvhfwlrq ri wkh vdph vxsso| fxuyh zlwk wkh sulydwh uhodwlyh ghpdqg
fxuyh jlyhq e| +58,1 Lw lv vwudljkwiruzdug wr fkhfn wkdw lq wkh xwlolwduldq
fdvh zkhuh bK ' U ' cwkh iruphu lv deryh wkh odwwhu/ vr wkdw wkhuh duh wrr
pdq| jrrgv/ l1h1 wrr pdq| shrsoh vshfldol}hg lq nqrzohgjh surgxfwlrq/ lq
wkh htxloleulxp uhodwlyh wr wkh rswlpxp1 Dv U jrhv xsphdqlqj wkdw wkhuh
lv d juhdwhu glvshuvlrq ri zhljkwv lq wkh zhoiduh ixqfwlrq/ krzhyhu/ vr grhv
wkh rswlpdo qxpehu ri jrrgv/ dqg iru odujh hqrxjk U wkh rswlpxp hqwdlov
pruh jrrgv wkdq wkh htxloleulxp1 Wkh h{sodqdwlrq lv dv iroorzv1 Wkh pruh
wkh vrfldo sodqqhu idyruv vshflf jurxsv/ wkh pruh olnho| lw zloo klw wkh vdwlhw|
frqvwudlqw zkhq uhglvwulexwlqj lqfrph lq wkhlu idyru1 Wkh rqo| zd| wr ixuwkhu
lqfuhdvh wkhlu zhoiduh lv wkhq e| lqfuhdvlqj wkh qxpehu ri jrrgv1 Zh duh edfn
wr wkh edvlf lghd wkdw glyhuvlw| idyruv wkh ulfk/ l1h1 khuh wkrvh zkr kdyh
wkh juhdwhvw zhljkw lq wkh zhoiduh ixqfwlrq1
69UHIHUHQFHV
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Ehdxgu|/ Sdxo dqg Gdylg Juhhq +5333,/ Zdjhv dqg hpsor|phqw lq
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Joredo Hfrqrp|1 Fdpeulgjh PD= PLW Suhvv
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